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Shortly after having isolated O, Priestley (1775) wrote, ‘From the greater 
strength and vivacity of the flame of a candle, in this pure air, it may be con- 
jectured, that it might be peculiarly salutary to the lungs in certain morbid 
cases .... But, perhaps, we may also infer from these experiments, that though 
pure-dephlogisticated air might be very useful as a medicine, it might not be so 
proper for us in the usual healthy state of the body: for, as a candle burns out 
much faster in dephlogisticated than in common air, so we might, as may be said, 
live out too fast, and the animal powers be too soon exhausted in this pure kind of 
air. A moralist, at least, may say, that the air which nature has provided for us 
is as good as we deserve. . . . The feeling of it to my lungs was not sensibly 
different from that of common air; but I fancied that my breast felt peculiarly 
light and easy for some time afterwards. Who can tell but that, in time, this 
pure air, may become a fashionable article in luxury. Hitherto only two mice 
and myself have had the privilege of breathing it.” 

The study of the influence of O, on the animal organism and the view that while 
O-2 could be used to advantage therapeutically such use might be attended with 
some danger, had its inception, then, in the experiments of Priestley. But it is 
Lavoisier who is not infrequently credited with having been the first to recognize 
the possible nocuous effects of breathing O2.. The reason, for this, may perhaps 
be found in an erroneous interpretation which he made as a result of his having 
fallen into the company of physiologists. At least Foster (1901) suggests it was 
the association with Seguin which was responsible for Lavoisier’s conclusion that 
the site of oxidations in the body was the lungs. This misinterpretation per- 
sisted tenaciously in spite of the evidence and argument to the contrary presented 
by a number of investigators, even for some time after the epoch-making blood 
gas studies of Magnus in 1837 which showed that the site of oxidations must be 
in the tissues as Mayow had maintained more than a century and a half before. 

It is not surprising, therefore, that the belief should have arisen that increasing 
concentration of this incendiary substance in the lung caused severe pulmonary 
damage. Later experimental findings served to temper the more extreme of these 
interpretations and after a few cyclic swings the pendulum of opinion seemed to 
have reached a position of stability pointing to a goodly amount of evidence that 
breathing pure O- or hyperoxygenated air will cause not only general physiological 
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changes, but also pathological alterations. In very recent years numerous re- 
ports based largely on extensive use of O2 on human subjects have appeared which 
maintain that the nocuous effects induced in experimental animals by O, has 
been overemphasized and that breathing O2 in high concentrations at atmospheric 
pressure is relatively harmless. The available evidence does appear to indicate 
that men may be somewhat superior to mice—at least in their ability to withstand 
the deleterious effects of breathing O.—but this does not dismiss O2 as innocuous. 

Naturally enough by far the greater part of the literature and investigative 
work concerning the effects of O2 has been confined to increased O: tensions at 
atmospheric pressure. But the increasingly high pressure conditions to which 
man has found, and in the future is likely to find it expedient to expose himself 
either for industrial or therapeutic purposes, has called for a consideration of the 
effects of O» at tensions distinctly in excess of that equivalent to one atmosphere. 

Increased O2 tension in a respiratory gas may be attained by several methods: 
(1) by the use of either hyperoxygenated air or pure O2 at normal barometric 
pressure, thus providing O2 tensions up to that equivalent to 100 per cent of one 
atmosphere; (2) by the use of normal air under compression, in which case O» 
tensions in excess of one atmosphere may be attained; (3) by the use of hyper- 
oxygenated air or pure O2 under increased pressure which provides another means 
of attaining very high O, tensions. There is no sharp line of demarcation be- 
tween the effects of O2 tensions just below 760 mm. Hg and those above 760 mm. 
Hg but tensions of O. much in excess of this do introduce factors not operative to 
an appreciable extent where the O, tension is less than 760 mm. Hg. In addition 
to this, the fact that a desired increase in O2 has been achieved in so many experi- 
mental investigations by the compression of normal or hyperoxygenated air, 
calls for a consideration of some of the possible complicating influences which 
such methods introduce. For these reasons, and as a matter of convenience, the 
material covered below is presented under the following main headings: I. 
Effects of Increased Oxygen Tensions Not in Excess of One Atmosphere, as In- 
duced by Pure Oxygen, Hyperoxygenated Air or Normal Air at Increased Pres- 
sures; II. Possible Complicating Variables Introduced by Compressed Air or 
Artificial Gas Mixtures; III. Effects of Oxygen Tensions in Excess of One At- 
mosphere as Induced by Pure Oxygen, Hyperoxygenated Air, or Normal Air at 
High Pressure. The oxygen tensions considered in Part III will be referred to as 
oxygen at high pressure (OHP). 

I. EFFECTS OF INCREASED OXYGEN TENSIONS NOT IN EXCESS OF ONE ATMOS- 
PHERE, AS INDUCED BY PURE OXYGEN, HYPEROXYGENATED AIR, OR NORMAL AIR AT 
INCREASED PRESSURES. Metabolism. Seguin and Lavoisier (1789) performed ex- 
periments from which they concluded that breathing pure O, did not alter any of 
the vital processes; the respiration and circulation were neither accelerated nor 
retarded and the temperature remained unchanged. These results were sup- 
ported by the experiments of Regnault and Reiset (1849) in which animals (rab- 
bit and dog) breathing O2 in concentrations of from 46.63 per cent to 72.38 per 
cent for as long as 23 hours showed no change eithér in the O2 consumption or in 
the respiratory quotient from that obtaining under normal conditions. 
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Birch (1859) reported, however, that the temperature of healthy animals was 
usually first increased then decreased while breathing O02. Clinical observation, 
he thought, afforded evidence that O. when employed in disease might raise or 
lower the temperature under different circumstances but that only in rare in- 
stances did it exert any influence on persons enjoying perfect health. Smith 
(1870) disagreed with the finding of Regnault and Reiset and reported that in 
experiments upon himself there was an initial decrease in CO: exhaled, yet he was 
of the opinion that ultimately there was a slight increase in the CO2 output. 
His short administrations of O: raise the question of the validity of his results. 

The studies of Speck (1879) made on men, led him to support the conclusions 
of Regnault and Rieset. Lukjanow’s data (1884) obtained from rat, cat, dog, 
guinea pig, dove and canary showed considerable variation; in many instances the 
O- uptake in O» rich atmospheres was increased but more than half of the experi- 
ments showed either no change or a decrease. His data are not convincing but 
they were interpreted as confirming the view of Regnault and Rieset. Saint- 
Martin (1884) on equally questionable data arrived at a similar conclusion that 
the chemical phenomena of respiration were not appreciably changed by breath- 
ing hyperoxygenated air. Wood and Cerna (1890) also claimed that the breath- 
ing of O2 was without effect on the organism but in view of their limited number 
of experiments and the manner of O, administration such claim would appear to 
be hardly justified, especially where small changes may be involved. 

Bert (1878) using methods similar to those of Regnault and Reiset found that 
when the animals were breathing O, mixtures equivalent to 48.7 per cent, their 
O2 consumption was higher than when breathing mixtures of either higher or 
lower O, content (87.5 per cent and 20.96 per cent respectively). This led him to 
the conclusion that there was an optimum O, percentage for oxidations. ‘‘L’acti- 
vité des combustions organiques a donc été en augmentant d’abord, pour di- 
minuer ensuite aprés avoir passé un certain maximum qui est probablement 
placé au-dessus de 2 atmosphéres.”’ , 

Quinquaud (1884), interested in the therapeutic use of Os, carried out a num- 
ber of experiments chiefly on dogs; in most of these the O2 was inspired from a bal- 
loon and expired into the free air (or into another balloon if analyses were de- 
sired). From these studies, and from a comparison of the gas content of arterial 
and venous bloods he drew the following conclusions: that it is possible to super- 
oxygenate the blood by breathing pure O» so that an additional 2.2 volumes per 
cent is carried in arterial blood; that as a result of such O2 breathing, there is a 
decrease in rectal temperature, a slight decrease in CO, exhaled, a diminution of 
organic combustion; and that O» has a sedative effect. These changes, he said, 
were analogous to, but less accentuated than those observed by Bert. 

Fredricq (1884) reported that in experiments performed on himself and on 
rabbits there was no increase in the O, consumption when QO, rich mixtures were 
breathed, but with O. poor mixtures, it was diminished. No dataare given in his 
report, but he emphasizes that when the subject is changed from breathing ordi- 
nary air to O, enriched air, or to pure Oz, there occurs during the first few minutes 
an augmentation in the absorption of O, due to its solution in the blood and 
lymph, but after equilibrium is attained between plasma and pulmonary air, the 
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absorption of O2 returns to its normal value, a conclusion which had been pre- 
viously arrived at by Speck. 

Some few years later Loewy (1894) concluded from his experiments that the 
respiratory gas exchange is independent (within wide limits) of the O2 content 
of the respired air. Doubling the normal O, content of inspired air or decreasing 
it even to a point where an alveolar tension of 40 mm. Hg was attained, did not 
change the O2 consumption or the CO, exhaled. In summarizing the results of 
his experiments in which the O, content of the inspired air had been increased to 
37.7 per cent and 49.26 per cent, he reported that the metabolism was not 
altered, and the O2 consumption showed no notable difference from normal. He 
disagreed with Bert’s observations concerning an optimum O, percentage for 
oxidations. 

Terray (1897) likewise reported that breathing of O:2 rich atmospheres did not 
appreciably alter the total metabolism of experimental animals and that with O,» 
percentages of from 10.5 to 87, the metabolism was independent of the O2 content 
of the air breathed; but along with his conclusion that metabolism was un- 
changed, Terray reported that the CO, output was diminished to some degree. 

The consensus of opinion at about that time (Tigerstedt, 1902) was that breath- 
ing O2 or hyperoxygenated air did not alter metabolism but an examination of the 
data presented by some investigators in support of that opinion reveals that the 
experimental evidence was not as convincing as was implied. 

Rosenthal (1898, 1902) reported that breathing of O2 rich mixtures caused a 
distinct and quite large increase in the uptake of O2 and that there was a storage 
of O, in the tissues. These surprising results and conclusions were refuted by 
Durig (1903) and Schaternikoff (1904) who, apparently stimulated by Rosenthal’s 
claims, had been working independently and with different methods in Vienna 
and Moscow respectively. Durig’s experiments on both animals and men gave 
him data which led him to conclude that the O2 consumption was not increased 
by breathing hyperoxygenated air and he found no evidence of O, storage in the 
tissues. Schaternikoff, in an attempt to determine if Rosenthal’s claims, which 
had been arrived at by the use of small experimental animals, held also for man, 
was likewise unable to find any indication that the O. consumption was de- 
pendent upon the O2 content of the inspired air. 

Hill and Macleod (1902a), referring particularly to the reports of Panum jee 
and von Liebig (1878) that increase of atmospheric pressure had no distinct in- 
fluence on the O2 uptake or CO» output in man, and the report of L. Smith (1897a) 
that the O, tension in the blood was lowered by prolonged breathing in an at- 
mosphere of pure Os, remarked that the data up to that time were such that 
‘“‘Nothing conclusive can be asserted as to the influence of O, on the gaseous me- 
tabolism.’’ Their own experiments, however (Hill and Macleod, 1902a, 1903c), 
showed that breathing pure O, at atmospheric pressure caused a decrease in the 
CO, exhaled and in the O2 absorbed and a drop in body temperature. These 
changes did not occur immediately but were usually quite distinct in 30 minutes. 
It was concluded that breathing O2 does cause a distinct diminution in metab- 
olism. 

The same investigators (Hill and Macleod, 1903a, b, c) found that compressed 
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air at 4 atmospheres and upwards also diminished the CO, output and lowered the 
body temperature and that these effects were most pronounced at the higher pres- 
sures. The British Admiralty report (Hill, 1912) indicated that the CO. output 
in divers during rest was not altered by breathing compressed air; the resting out- 
put in one subject was the same at a depth of 210 feet as it was at 6 feet. Hill 
and Macleod (1903c) state, ““We observed like Bert that prolonged exposure to 
even one atmosphere of pure oxygen slightly lowered the CO, output and temper- 
ature of mice, both returning to normal on replacing the oxygen with air. On 
increasing the tension of O. we find a general increase in toxic effect, but no 
constant relationship owing to differences in individual susceptibility of mice.”’ 
But these authors could not confirm Bert’s conclusion that compressed air 
diminished the CO, output in proportion to the contained partial pressure of Ox, 
and they suggested there were factors, other than the partial pressure of Os, to be 
considered, such as the cooling effect of compressed air due to its increased con- 
ductivity and saturation with water vapour, the increased resistance offered to 
movement of air through the respiratory passages and the altered diffusion of 
CO, from the alveolar air. However, the finding that the body temperature was 
lowered, was taken as clear proof by these investigators that the lowered CO, 
output was due to a decrease in oxidation rather than to any interference with 
release of CQ, into the alveoli which might be caused by possible alteration in 
lung epithelium. 

Hough (1910), in experimental studies carried out on human subjects breathing 
O: in 60 to 80 per cent mixtures, questioned the “‘soundness of the usual view that 
the consumption of oxygen by the cell is determined entirely by the cell and is in- 
dependent of the quantity of oxygen provided by the blood.’’ Benedict and 
Higgins (1911) felt that while the reports up to that time favored the view that 
increased QO, in the respired air does not significantly alter metabolism, they were 
not entirely convincing and maintained that the question was ‘‘not yet definitely 
settled.”” In an attempt to get more detailed and reliable data these authors 
carried out a very careful experimental study on healthy men. Their determina- 
tions were made with the experimental subjects lying at complete muscular rest 
12 hours after the last meal. The O, concentrations employed were 40, 60 and 90 
per cent mixtures in air, but the duration of administration was relatively short, 
usually not more than 15 minutes, so that the full effects of the increased O. may 
not have had time to develop in every instance. The results of these tests led to 
the conclusion that when breathing the O, enriched air, the metabolism, as indi- 
cated by the gaseous exchange and respiratory quotient, was the same as that 
obtaining in ordinary air. However, in three of six subjects the O2 consumption 
was found to be greater in the 40 per cent mixture than in either the higher (60 to 
90 per cent) or the lower (20 per cent) O. mixtures; in one of these, the O2 con- 
sumption in the 40 per cent mixtures was 3 per cent above that of the same subject 
in the 20 per cent mixture. The authors considered these increased O2 con- 
sumptions insignificant, and while they pointed out that such effects were in 
agreement with the report of Bert that the optimum of O2 consumption was in the 
neighborhood of 45 per cent mixture, they did not believe their results sub- 
stantiated Bert’s views. 
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Hill (1912c) maintained Bert’s experiments were quite insufficient to justify 
his claim that O2 consumption increased with an increase in O» content of the air 
breathed up to an optimum of about 45 per cent. Krogh (1916) likewise says 
Bert’s results are invalid because his methods were not nearly accurate enough to 
demonstrate this. While admitting the determinations of Benedict and Higgins 
(1911) as probably the most accurate, Krogh does not fully agree with their con- 
clusions, and maintains that if due consideration be given to the washing out 
of the tissues by nitrogen it ‘“‘seems”’ that “‘breathing of oxygen does increase the 
metabolism to some slight extent, and it must be borne in mind that a large effect 
is not in any case to be expected, because the oxygen supply to the tissues will 
only be increased by the extra amount of oxygen physically dissolved in the ar- 
terial blood which cannot be more than 10 per cent of the total quantity carried. 
... The results obtained on warm-blooded animals point, when considered in their 
entirety, in the opinion of the writer, towards the conclusion that oxygen pressure 
is practically the limiting factor for the oxidations, but that it is so regulated as to 
be just sufficient. A diminution of the oxygen supply to the tissues, which will 
take place when the oxygen pressure in the inspired air falls below something like 
85 mm., causes a decrease in rate of oxidation, while an increase in oxygen pres- 
sure appears to produce a slight increase.” 

Campbell (1927) found that the metabolism of rabbits was not altered by their 
prolonged exposure (about six weeks) to air in which the O2 content was 200 per 
cent above normal and the barometric pressure at 750mm. The O2 consumption 
remained unchanged, but the O. and CO, tensions of the tissue, as estimated by 
intra-abdominal and subcutaneous bubble technique, increased. The body 
weight decreased during the O2 exposure but gradually returned to normal after 
the animals’ return to breathing normal air. Clark, Gaddie and Stewart (1933) 
obtained experimental data from isolated frogs’ hearts which indicated that the 
R.Q. of hearts kept in O, instead of air, was greatly reduced thereby; the carbo- 
hydrate consumption slightly diminished and the total O2 consumption was raised 
about 15 per cent. 

Behnke, Johnson, Poppen and Motley (1935) reported that the O. consumption 
of healthy men is high during the first twenty minutes of exposure to 79 per cent 
O2 at one atmosphere, then decreases to a constant level which is maintained for 
periods up to four hours. An inspection of their data shows that even after this 
period, the O2 consumption level was still above the calculated basal rate. 
Richards and Barach (1934) found that the metabolic rate of two normal young 
men (measured by CO: output) was unchanged by a week’s residence in an at- 
mosphere enriched to 40 per cent of Os. 

Becker-Freyseng and Clamann (1939) observed a tendency to lowering of their 
body temperatures during the first 24 hours of exposure to 90 per cent Oz at 
atmospheric pressure, but during the second day the body temperature in- 
creased—perhaps secondarily to the lung injury which the exposure induced 
rather than as the result of some more direct action of O02 metabolism. The same 
authors also found changes in alveolar CO, tension; during the first hour it in- 
creased above normal, by the second hour it had decreased very distinctly, and 
except for a temporary rise at about the fifth hour it was well below normal for ten 
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hours of exposure. Anthony (1940) is of the opinion that breathing O, causes no 
change in metabolic rate. 

Davis (1941) finding that the administration of O. caused an increase in the 
amount of carbon dioxide in the blood of normal, anesthetized animals, suggested 
that this might have been due to a stimulation of tissue metabolism. Craig and 
Beecher (1943) report that the metabolism of cortex, medulla, and spinal cord 
slices was markedly diminished by O; tensions below 21 per cent of an atmosphere 
but that only the metabolism of the cortex showed any significant difference for 
O» concentrations ranging between 100 and 21 per cent. It was suggested that 
perhaps by increasing the O: tension of the inspired air the metabolism of the 
brain in vivo might be increased so as to be significant in relation to the toxic 
action of high concentrations of Oo. 

In experiments on oat seedlings, Albaum, Kaiser and Eichel (1940) found that 
50 per cent O2 increased the rate of O2 consumption but decreased the rate of 
growth; pure O2 however diminished the O2 consumption, slowed the growth and 
resulted in a marked reduction in the final length of coleoptile. Stephenson and 
Whetham (1924) reported that exposure of B. coli to an atmosphere of QO, in- 
creased both the O2 consumption and the CO, output. 

The available data concerning the effects of O2 on nitrogen metabolism are 
variable and for the most part are unsatisfactory. In determinations on himself, 
Smith (1870) found an initial decrease in urea excretion for the first four days after 
beginning the O, inhalations, followed by a return toward normal. The experi- 
mental method employed, the limited number of experiments performed, and the 
small volume of O» (6 to 8 gals.) respired for only a short period each day render 
the data of doubtful value. It was claimed, however, that uric acid was dimin- 
ished by the daily use of O2 and that the color of urine was changed from dark to 
light in spite of an increase in specific gravity. Bert (1878) reported that com- 
pression of himself to about 2 atmospheres of air, i.e., equivalent to a partial pres- 
sure of O. of about 40 per cent of an atmosphere, resulted in a slight increase in 
urea output; in dogs exposed to three atmospheres of air pressure for 9 hours on 
successive days, he also found a small increase in urea output, but exposure of 
dogs to air at 8 atmospheres for 6 or 7 hours caused a sharp decrease in urea ex- 
cretion. 

Jaminet (1871) claimed that the urea excretion of caisson workers was in- 
creased by their exposure to compressed air. Snell (1896) in observation on him- 
self found that exposure to increased air pressure caused no change in the urea 
excretion. Terray (1897) concluded from urinary studies that nitrogen metab- 
olism was not altered in breathing O, enriched air. Hill and Macleod (1903c) 
found in their experiments on dogs exposed to air pressures at six to seven at- 
mospheres, i.e., O2 partial pressures equivalent to about 120 per cent of an at- 
mosphere, that such exposures caused no marked or constant variation in urinary 
constituents. They considered Bert’s findings inaccurate. Ado (1934) 
found 100 per cent oxygen increased urine formation in pithed frogs\¥ Jn sum- 
mary it may be said that the literature provides no consistent and dependable 
evidence that breathing hyperoxygenated air or pure O2 causes any pronounced 
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alteration in metabolism as manifest by the exchange of respiratory gases and the 
more numerous reports still favor the interpretation of Seguin and Lavoisier that 
the respiratory exchange is not a function of the O2tension. Yet such a generali- 
zation does not dismiss the frequent discrepancies which, while considered in- 
consequential by some of the authors suprorting that generalization may never- 
eless be of physiological significance. 

ee investigators who have concluded that metabolism is not altered by the 
administration of hyperoxygenated air at atmospheric pressure have reported, 
however, that such administration does cause alterations in pulse rate (Benedict 
and Higgins, 1911). This change in cardiac activity in itself, clearly indicates 
that breathing increased percentages of O, alters the physiological activity of 
tissue, and in final analysis such alterations must involve changes in fundamental 
metabolic processes, even though no coincident exchange in gaseous interchange 
may be readily detected by the techniques usually employed. 

A brief consideration of the effects of administration of O. in concentrations 
below that of the normal atmosphere is of interest in this connection: The gen- 
eralization that a moderate reduction of the O, content in the respired air below 
the normal 20 per cent does not alter metabolism, may account in part for the er- 
roneous interpretation that there is no physiological response to low O, ad- 
ministration until the O2 content of the inspired air falls to about 13 per cent. 
But the experiments of Bernthal (1938), of von Euler, Liljestrand and Zotterman 
(1939) clearly demonstrate that even a very small decrease in O. content causes 
distinct alterations in respiratory and circulatory mechanisms. Such alterations 
constitute further evidence of changes in fundamental metabolic processes. 
Furthermore the demonstrated effects of O2 on enzyme preparations (see below) 
provide ample reason to expect that the administration of O2 in vivo might result 
in metabolic alterations. 

Breathing. In spite of the general impression and statements in standard text- 
books (Starling, 1936; Howell, 1940) to. the effect that the inhalation of O2 en- 
riched air or pure O, does not alter breathing, there still crop up dissenters with 
experimental evidence in support of their claims to the contrary. Certainly a 
lack of complete unanimity of opinion can be traced back to the very earliest ob- 
servations on experimental animals and men breathing O2, hyperoxygenated, or 
compressed air. Some of these earlier reports were no doubt colored by views of 
overzealous therapeutists, others by the failure of investigators to recognize the 
importance of accumulating CO, so that many are not admissible as valid evi- 
dence of O, effects. The legitimacy of admitting data derived from experiments 
on compressed air as evidence of the effects of increased O, alone, may also be 
questioned; nevertheless even in very recent years compressed air has been em- 
ployed in experimental studies as a means of providing a desired increase in O2 
concentration, on the assumption that the only variable of physiological signifi- 
_ cance under compressed air is that of the increased O, tension. 

Pol and Watelle in a report written in 1847 but not published until 1854, main- 
tained that the rate of breathing was slowed and the thoracic respiratory ex- 
pansion diminished in men by their exposure to air pressure of about 4 atmos- 
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pheres—i.e., an equivalent of about 80 per cent of O, at atmospheric pressure. 
Jaminet (1871) and Smith (1886) reported that exposure to compressed air in 
caissons caused an increased frequency of breathing. Foley (1863) and Bert 
(1878) observed that pulmonary capacity was increased in compressed air, but 
that the respiratory movements were diminished in frequency and magnitude. 

Kagiyama (1933) found that the frequency of breathing was decreased some- 
what by the exposure of his subjects to compressed air at 20 pounds’ pressure. 
The results of Ishikawa’s (1939) rabbit experiments also suggest that compressed 
air causes a decrease in respiratory rate, but his observations were made after 
decompression. Shilling, Hansen and Hawkins (1935) reported that the vital 
capacity expiratory force and the ability to hold the breath were all increased in 
compressed air. 

Regnault and Reiset (1849) reported that the respiration of animals was not 
changed from normal by subjecting them to an atmosphere containing two or 
three times the concentration of O2 found in normal air, and Birch (1859) ob- 
served that breathing O2 had no effect on normal men. Terray (1897) reported 
that O» in concentrations up to 87 per cent caused no change in breathing in ex- 
perimental animals. | 

The studies of Speck (1879) made on men led him to support the conclusion of 
Regnault and Reiset. Lukjanow (1884) and Saint-Martin (1884) concluded 
from experiments on animals and birds that the chemical phenomena of respira- 
tion were not altered by breathing hyperoxygenated air, but an examination of 
the data of each of these latter authors reveals such wide variations as to bring 
into question the validity of their conclusion. 

Loewy (1895), administering O- in concentrations up to 49 per cent, found the 
respiratory rate was diminished but that the minute volume was the same as that 
when breathing ordinary air. 

Benedict and Higgins (1911) concluded from pneumographic studies on human 
subjects that breathing O2 caused ‘‘no change in respiration either as to char- 
acter, depth or frequency, as compared with the same factors when breathing 
ordinary air.”’ 

Davies, Brow and Binger (1925) found that in six subjects the respiratory 
minute volume when breathing pure O» was 2.6 per cent higher than when breath- 
ing air, but these authors considered this so near the mean deviation that they 
were unwilling to lay any stress on this increase. Schwab, Fine and Mixter 
(1936) noted that breathing O2 (95 per cent) for periods of three hours caused no 
significant respiratory changes in patients nembutalized for encephalographic 
studies. Anthony (1940) held that breathing O,. changed neither the respiratory 
rate nor the minute volume. Dautrebande and Haldane (1921) reported that 
breathing O, “increases the breathing”’ but no data were given as to whether this 
increase involved respiratory rate, depth, or minute volume, and no differentia- 
tion was made between those experiments in which pure O2 was breathed at at-_ 
mospheric pressure and those in which it was breathed at the increased baro- 
metric pressure of about 2.08 atmospheres. 

The administration of pure oxygen to anesthetized cats by Wolff and Lennox 
(1930) caused an increase in the respiratory minute volume. Binger, Faulkner 
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and Moore (1927) found that more prolonged exposures (6 days) of rabbits and 
dogs to O2 in concentrations of 70 per cent resulted in respiratory difficulty char- 
acterized by a slow rate, increased depth and exaggerated expiratory effort, but 
this was apparently due to pulmonary complications for there was an accompany- 
ing cyanosis and blood stained froth was present in the mouths of the animals. 
Comparable effects were observed by Paine, Keys and Lynn (1941) in dogs con- 
tinuously exposed to O in concentrations of 99 to 100 per cent; forty-eight hours 
of such exposure caused respiratory distress associated with a decline in the O» 
saturation of the arterial blood and death occurred in 60 hours. Such effects 
might well be considered as those of deficient rather than excess O2 supply to the 
tissues. 

Richards and Barach (1934) reported that the resting ventilation of human 
subjects was slightly increased by breathing hyperoxygenated air (40 to 50 per 
cent O2) but the authors questioned whether the increase might not have been 
due to a small amount of CO, which was present in the chamber during the ex- 
periments. Behnke et al. (1935) found that the respiratory rate and minute 
volume of men breathing O,2 remained relatively constant during periods of from 
eighty minutes to four hours of breathing O2 except in two cases, one of whom be- 
came dyspneic after two hours and the other developed an increased depth and 
rate of breathing, and symptoms of bronchial irritation in four hours of exposure. 
Becker-Freyseng and Clamann (1939) became dyspneic within less than two days 
of continuous exposure to 90 per cent oxygen, but in these experiments, too, there 
was pronounced pulmonary involvement; no record was made in these experi- 
ments or those of Behnke et al. of any possible change which may have occurred 
in the shift from breathing air to the oxygen. 

More recently Shock and Soley (1940a, b) have carried out experiments, using a 
Siebe-Gorman half mask, on thirty-three university students. They concluded 
that breathing O2 over a period of fifteen minutes induces an increased respira- 
tory minute volume. These authors have suggested three explanations for the 
increase: 1, a diminution in the amount of oxyhemoglobin reduced with a conse- 
quent diminution of available base for CO, transport as suggested by Gesell 
(1923) in the case of breathing O at increased barometric pressure; 2, a reduction 
in the cerebral blood flow so that there is an increased CO: in the respiratory 
centers; 3, an increased sensitivity of the respiratory center to the normal 
stimulus. The explanation based on a reduced cerebral blood flow does not ap- 
pear to be compatible with the finding that CO: has so powerful a dilating action 
on pial vessels as to completely mask any constrictor effect which O, of itself 
might exert (Wolff and Lennox, 1930). Moreover, were it simply a matter of 
vaso-constriction, one would reasonably expect to find a more highly reduced 
blood than normal in the veins; actually, however, it has been found (Cusick, 
Benson and Boothby, 1940) that the retinal vessels, which have been used as an 
index of what occurs in the deeper vessels of the brain, carry more highly oxy- 
genated blood in their venous ends during O, administration than they do when 
air is breathed, in spite of any vasoconstriction which O2 may induce in such 
vessels. 


The respiratory rate and minute volume of Hough’s (1910) healthy human 
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subjects were decreased by breathing O: in concentrations of from 60 to 80 per 
cent. An examination of the plotted curves presented by Briggs (1920) indicates 
that breathing oxygen decreased respiratory rate; in seven of ten subjects the rate 
of breathing was distinctly lower in O, than in air, in two there was no difference 
and in one the rate was lower in air than in O2. The minute volume, however, 
showed little or no change. A decrease in ventilation during exposure to hyper- 
oxygenated air was also observed in experimental animals by Campbell (1927), 
and Hamburger et al. (1932) concluded from their studies on normal men that 
both ventilation and vital capacity were decreased by breathing hyperoxy- 

Marshall and Rosenfeld (1936) say, ‘It is well known that in a normal animal 
or man the breathing of pure oxygen has no effect on. the rate or the minute 
volume of respiration,’ but in their experimental cats anesthetized with pheno- 
barbital sodium and morphine, they found that O. breathing caused a decrease 
in respiratory minute volume and that this decrease became more pronounced 
with additional doses of barbital or morphine. Under urethane, chlorbutanol, 
paraldehyde, or alcohol anesthesia, O. produced little or no depression in breath- 
ing; dogs responded in a manner similar to that of cats. The authors claim that a 
prolonged apnea produced by O: renders the sinoaortic mechanism less sensitive, 
so that it no longer is stimulated by anoxemia and that under certain conditions 
of respiratory depression, the administration of O. may further depress respira- 
tion or even lead to apnea and respiratory failure. In animals given barbiturates 
or barbiturates plus morphine, the O2 depression was found to be severe and easily 
elicited. The administration of 5 or 7 per cent CO, to such O2 depressed animals 
frequently failed to stimulate respiration. 

Binet and Bochet (1938) and Binet, Bochet and Bryskier (1939) reported that 
breathing O, at atmospheric pressure results in a decrease in respiratory rate. 
Watt, Dumke and Comroe (1943) found in experiments on seven trained un- 
anesthetized dogs that the inhalation of 100 per cent O2 at atmospheric pressure 
through a mask for 6 minutes led to a diminution of from 11 to 31 per cent in the 
respiratory minute volume within the first minute. In four animals the diminu- 
tion was transient, a return to normal minute volume having been attained within 
the 6 minutes, but in three the decrease persisted throughout the period of ex- 
posure. This diminution in respiratory minute volume was missing after de- 
nervation of the chemo-receptors of the carotid and aortic bodies. The authors 
concluded that some chemo-receptors in the dog must be continually activated 
by the usual degree of O- unsaturation of the arterial blood at sea level, an ob- 
servation confirmatory to those of Bernthal (1938), Von Euler et al. (1939). In 
experiments on eleven young human subjects these same authors found that the 
immediate effect of inhaling 100 per cent O. wasan increase in respiratory minute 
volume in thirteen experiments, a decrease in four, and no change in two. The 
method of O2 administration and the individual variation among these subjects 
were not stated, but the authors believed the ‘“‘findings suggest that tonically 
active, oxygen-sensitive chemo-receptors are the exception rather than the rule in 
normal man.”’ 
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Gesell, Lapides and Levin (1940) found that in administering O, in 40 per cent 
mixtures to dogs the breathing was distinctly less than when breathing 19.7 per 
cent mixtures and emphasized the nicety of adjustment of reflexogenic breathing 
to relatively small changes in the O2 content of the respired air. Keys, Stapp and 
Violante (1943) found in young healthy men that breathing O2 (partial pressure 
of 700 to 715 mm. Hg) at atmospheric pressure through an anesthesia mask (total 
apparatus dead space 160 cc.) for periods of about 17 minutes caused a small in- 
crease in ventilation (average +16 per cent, range —4 per cent to —35 per cent) 
and a small decrease in the minute volume (average — 10 per cent, range — 20 per 
cent to —19 per cent). 

The lack of unanimity among the various reports concerning the effects of O2 
administration on breathing may, perhaps, be attributable to various influences 
which make a comparison of the reported effects and an arrival at a final con- 
clusion difficult, if not impossible. Among such influences might be mentioned 
(1) differences in the duration of the O2 administrations, (2) failure to record 
effects of shifting from normal air to Oz or vice versa, (3) induction of pulmonary 
complications with attendant alterations in the O, saturation of the arterial 
blood, (4) the techniques used in the O2 administration, for example, where masks 
are used the added dead space may account for some differences, particularly 
since the response to small amounts of CO, in air and in O, is not always equal, 
(5) variations in the degree of O:2 saturation of the arterial blood preceding the O,» 
administrations—variations whi ight be due to a variety of causes such, for 
example, as depth of anesthesia. ken as a whole, however, the more reliable 
evidence indicates that the administration of O2 does cause changes in breathing 
and in view of the demonstrated tonic response of chemo-receptors to the normal 
O, unsaturation of the blood, it is perhaps only to be expected that O2 administra- 
tion might result in changes in breathing. But at best, these changes are not 
large and may be readily masked by techniques employed in measurement, 
nevertheless the data appear to indicate that in animal experiments respiratory 
minute volume is diminished by breathing O2; the same may be expected to be 
true for man but the data, even from more recent-investigations, are not unequiv- 
ocal and for this one may perhaps question to what extent, if any, psychological 
factors may be responsible. 

Circulation. The literature contains numerous reports that increased O, either 
in compressed air or in hyperoxygenated air at atmospheric pressure, causes 
alterations in pulse frequency. A slowing of the pulse rate as a result of exposure 
to compressed air has been quite consistently observed (Pol and Watelle, 1854; 
Foley, 1863; Lange, 1864; Vivenot, 1865; Panum, 1868; Bert, 1878; Heller, 
Mager and Von Schrétter, 1900; Shilling et al., 1936). However, Loewy (1895) 
and Hill and Greenwood (1906) found no notable alteration in pulse rate as a 
result of exposure to compressed air, but the latter authors stated that their ob- 
servations were not sufficiently extensive to permit any final pronouncement. 

Demarquay (1866) and Aron (1901) reported that breathing O, tended to in- 
crease the pulse rate and Wood and Cerna (1890) concluded from two animal ex- 
periments that breathing O2 was without effect on pulse rate, blood pressure or 
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circulation in general. Smith (1870a) presented data which showed that of 
twelve healthy persons breathing O, for short periods the pulse rate was decreased 
in eight and remained unchanged in the other four. ‘‘My view,’’ Smith says, 
“then is, that oxygen acts at the same time upon the heart, to reduce the fre- 
quency of its contraction and increase the quantity of blood thrown out at each 
systole, and upon the blood, to facilitate its flow through the capillaries; that 
these actions are antagonistic in their effect upon the volume of the pulse and 
that as one or the other predominates, we shall have the pulse increased or 
diminished in size, or, if they are exactly apportioned to each other, that there will 
be no change in volume.”’ Wallian (1889) also concluded that while the effect of 
breathing O, varied to some extent, it almost invariably caused a slowing of the 
pulse. A similar slowing of cardiac frequency by O2 was observed by Quinquaud 
(1884) and Loewy (1895) in animal experiments. 

Benedict and Higgins (1911) in their metabolism studies on men found a very 
distinct decrease in pulse rate as a result of breathing high concentrations of O2 
(40 to 90 per cent) at atmospheric pressures. Convincingly consistent confirma- 
tory evidence that the breathing of O2 or hyperoxygenated air at atmospheric 
pressure causes a decrease in pulse rate in man is found in the data and conclu- 
sions of numerous later investigators (Parkinson, 1912; Dautrebande and 
Haldane, 1921; Katz et al., 1932; Behnke et al., 1934; Anthony, 1940; Anthony 
and Kiimmel, 1939; Davis, 1941; Keys, Stapp and Violante, 1943). Schwab, 
Fine and Mixter (1936) reported that the heart rate of patients nembutalized for 
encephalographic studies was decreased by breathing 95 per cent O2 but that this 
bradycardia persists only for about one-half to one hour after the beginning of the 
exposure, then disappears. Becker-Freyseng and Clamann (1939) found that 
exposure to 90 per cent O2 caused a decrease in pulse frequency during the first 15 
hours but with continued exposure the pulse frequency increased somewhat, due 
no doubt to pulmonary complications. 

Steinhaus, Jenkins and Lunn (1930) experimenting with unanesthetized dogs 
which had been used for daily metabolism tests for over a period of twenty months 
found, however, that the administration of O. from a Sanborn-Benedict apparatus 
caused no significant change in pulse rate from that obtaining when breathing 
ordinary air. Binger, Faulkner and Moore (1927) reported that the ad- 
ministration of O, in concentrations of about seventy per cent at atmospheric 
pressure to dogs gave rise to distinct cardiac arrhythmia with extra systoles. 

Reports concerning the effects of O2 on blood pressure are less consistent than 
those on pulse rate. Vivenot (1865) held that the magnitude of the radial pulse 
was decreased in compressed air but that the systolic pressure was increased. 
Bert (1878) recorded an increase in the pulse pressure as well as in both the maxi- 
mum and minimum blood pressures of animals exposed to air compressed to 
several atmospheres; the respiratory oscillations in pressure were also increased. 
These changes Bert attributed to the mechanical effects of the increased air pres- 
sure rather than to the effects of the increased tension of Oz, since he found that 
the administration of O, in concentrations of about 35 per cent at atmospheric 
pressure caused no such changes. Jacobson and Lazarus (1877) and Zadek 
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(1880) reported that the blood pressure increased in compressed air. Smith 
(1886) claimed that the volume of the pulse was always diminished in compressed 
air. Loewy (1895) observed that the blood pressure remained constant or 
showed a very moderate increase and that the circulation of the blood was not 
changed from normal in animals under such conditions. 

Bennett and Smith (1934) reported that exposure of rats to compressed air 
caused pulmonary hypertension, an affect which was attributed to the increased 
O, tension. ‘The recent work of Shilling et al. (1936) indicates that both systolic 
and pulse pressures are decreased in compressed air and that the cardiac output, 
as calculated from the formula of Furst and Soetbeer (1906), is decreased on an 
average of about one liter per minute. 

Wolff and Lennox (1930), in an experimental study on anesthetized cats, found 
that high concentrations of O2 at atmospheric pressure lowered both the blood 
and spinal fluid pressures; the authors pointed out, however, that the O, satura- 





TABLE 1 
96 to 99 per cent O2 inhalation (subject lying on a cot one atmosphere) 
PULSE RATE BLOOD PRESSURE | 
ous yact SXPOSUEES | To Os 





Start Finish Start Finish | 





80-240 min. | 80 Air | 59.80. | 121/77 Air | 118/84 O, | Av. of 5 readings 
120-240 min. | 84.3 Air | 68 O2/| 121/76 Air | 119/79 O, | Av. of 6 readings 
120-235 min. | 69 Air | 58.5 0,./| 124/74 Air | 121/86 O, | Av. of 4 readings 
100-240 min. | 86.4 Air | 66 O2 | 127/80 Air | 120/83 O. | Av. of 5 readings 
125 min. | 60 Air | 66 O.2 | 120/66 Air | 136/66 O, | 1 reading, subject 
|  dyspneic 
10 240 min. | 68 O, 60 O2| 128/68 O, 108/80 1 reading, bron- 
| chial irritation, 
respiratory  re- 
action 
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tion was slightly subnormal before the O, inhalations were begun. The ad- 
ministration of O2 to anesthetized cats for two minutes during constant artificial 
respiration resulted in a slight rise in blood pressure (Schmidt, 1934). Davis 
(1941) however found that breathing O- caused no significant changes in the blood 
pressure of anesthetized dogs. 

Behnke et al. (1934) in summarizing their data from experiments on human 
subjects lying on a cot breathing O2 in concentrations of from 96 to 99 per cent 
at atmospheric pressure, state that in all of the O2 exposures, the blood pressure 
was constant except in two cases. The authors make no specific reference to the 
alterations induced by the shift from air to O2 but an examination of their tabu- 
lated data from six subjects reveals that the average systolic blood pressure was 
decreased and that the diastolic pressure was increased by breathing QO in all 
except one subject; in the exception, who had become dyspneic, the systolic pres- 
sure was increased by breathing O2 and the diastolic pressure remained the same 
as when breathing air. A compilation of averages made from the data of Behnke 
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et al. is shown in table 1 abové.Vv/Such data would seem to support a con- 
clusion that systolic pressure is decreased, diastolic pressure slightly but distinctly 
increased with a consequent drop in pulse pressure, and that the pulse rate is 
definitely diminished, by breathing O:. 

Keys, Stapp and Violante (1943) reported that in young men breathing almost 
pure O, at atmospheric pressure caused a slight but consistent rise (4 mm. Hg) 
in diastolic blood pressure and a tendency to an increased systolic pressure; the 
pulse pressure was somewhat decreased. There was a slight decrease in cardiac 
“work” and ‘‘effort”’ but no significant change was observed in either cardiac size 
(roentgenkymograph) or in cardiac efficiency. 

Katz et al. (1932) noted in their study of O2 therapy for cardiac cases that 
neither the arterial nor venous blood pressure, of their control subjects (human) 
was altered significantly by breathing hyperoxygenated air but the T wave of the 
E.K.G. was lengthened; the change was not explainable on the basis of any pos- 
sible relief of arterial anoxemia. Schwab, Fine and Mixter (1936) observed no 
significant change in blood pressure of nembutalized patients as a result of their 
exposure to 95 per cent O. for three hours. Anthony (1940) reported that breath- 
ing O» caused a decrease in stroke volume of the heart and changes in the E.K.G. 
Richards and Barach (1934) found that the cardiac output of normal men was not 
changed by their residence in hyperoxygenated air (45 per cent O.) at atmos- 
pheric pressure. 

perusal of the evidence leaves little doubt but that breathing O, or hyper- 

genated air at atmospheric pressure causes a predominant slowing of the 

heart: the reports concerning blood pressure changes are not unequivocal, but 
pulse pressure is seemingly diminished. 

Vascular Changes. The early reports to the effect that breathing hyperoxy- 
genated air at atmospheric pressure or compressed air caused peripheral vascular 
changes were based for the most part upon observation of changes in skin colour 
of individuals during their exposure to compressed air and in some cases even 
after their decompression to normal pressure. Such changes were not infre- 
quently attributed to the supposed direct mechanical effect of the pressure itself. 

The experiments of Poiseuille (1835) in which he demonstrated by direct ob- 
servation that the peripheral capillaries of frogs, tadpoles and salamanders were 
not altered by the animals’ exposure to compressed air should have dismissed the 
notion that either the pressure itself or the attendant increase in O, tension, 
caused any distinct constriction of the peripheral vessels. But in spite of this 
work, the contention of Bert (1878), and the observation of Hunter (1887) that 
no constriction occurred in the fundic vessels of men on their exposure to com- 
pressed air, the idea that in compressed air the increased pressure per se caused a 
peripheral vasoconstriction was held and argued by numerous investigators, 
typified by Vivenot (1865) and Smith (1870, 1886) even to the early 1900s. 

Hill and Macleod (1902), unaware of Poiseuille’s experiments and feeling the 
need of further experimental evidence on the question of a peripheral vascular 
constriction, exposed frogs to high pressures of air by a technique similar to that 
of Poiseuille and found no alteration in capillary circulation even at pressures as 
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high as 70 atmospheres. Thus the findings of Poiseuille were abundantly con- 
firmed and the interpretation that increased pressure per se or increased O, ten- 
sion in the compressed air, was shown to be untenable. 

L. Smith (1899) had suggested that the lung changes he observed in animals 
which had been exposed to high O:2 pressures might represent an attempt on the 
part of the organism to protect the tissues against excessively high O2 tensions. 
Following this suggestion of a protective reaction it was only natural that at- 
tempts would be made to look for other protective mechanisms; and what more 
convenient or purposive mechanism could there possibly be imagined than one 
which closed off the O2 supply to the tissues by constricting the blood vessels? 

Dautrebande and Haldane (1921) performed experiments which, as they said, 

“were undertaken for the purpose of seeing whether any evidence could be ob- 
tained that the tissues of the nervous system are defended against the influence 
of oxygen by diminution of the circulation through them.’”’ The conclusions 
drawn from their experiments have been accepted so frequently as substantial 
evidence of a vasoconstriction induced by O:2 that the argument of the authors is 
presented here. 
. “If the circulation is diminished when oxygen is breathed,’’ they said, ‘“‘it is 
evident that the pressure of CO, in the tissue must rise; and in the respiratory 
centre this rise of CO. pressure will, other things being equal, imply rise of 
hydrogen ion concentration and consequent increase in breathing and fall of 
alveolar CO.-pressure. A very slight fall in alveolar CO2-pressure will, however, 
suffice to compensate for the rise in CO2-pressure in the tissues in consequence of a 
sufficient slowing down of the circulation to reduce the oxygen-pressure of the 
venous blood to normal. Complete compensation could not, however, be ex- 
pected, since otherwise there would be no stimulus left to account for the slowing 
down of circulation.”’ 

“The problem which we set ourselves to investigate, therefore, was whether 
there is any fall in alveolar CO2-pressure when oxygen at increased partial pres- 
sure is breathed. We also watched the pulse carefully, as any diminution in 
pulse-rate would serve as an index of slowing of the circulation.’”’ These investi- 
gators did find a drop in the alveolar CO: partial pressure of about 1.5 mm. Hg 
and a slowing of the pulse when O, was breathed at normal barometric pressure, 
and remarked, ‘‘The experiments therefore confirm the theory (which is in itself 
probable from many considerations into which we need not enter here) that the 
excess of free O2 in the arterial blood causes slowing of the circulation.’”? The 
validity of this argument and the supposed evidence of vasoconstriction are ob- 
viously open to very serious question, especially since there was also an increase 
in breathing which of itself would lower alveolar CO, tension. 

Retzlaff (1913) concluded from plethysmographic studies that O. caused a 
vasoconstriction in the lungs. Faulkner and Binger (1927) reported that the 
capillaries in frogs were not noticeably affected by the administration of O2 in 
concentrations as high as 95 per cent. 

Tinel (1927) observed a dilatation in the exposed superficial vessels of the 
brain of cats on the cessation of O. inhalation. Rebreathing from a bag of O2 
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did not’ produce’ vasoconstriction; on the contrary a vasodilatation (probably 
due to accumulated:CO:z) was observed. From these findings Tinel suggested 
that O2 caused vasoconstriction and that the cerebral circulation may be regu- 
lated by the O content of the blood. Campbell and Hill (1931) suggested that 
Tinel’s claim might: be put to the test by an observation of the retinal vessels; 
Duke-Elder (1931) making such an examination found no change from normal in 
the 'vessel calibre when his subjects breathed O, for periods of five minutes. 

Wolff and Lennox (1930) in studies on exposed pial vessels of cats observed 
that an increase in the O, tension caused a slight vasoconstriction, and the ad- 
dition of small amounts of CO, to the respired gas resulted in pronounced dilata- 
tion which masked the distinctly lesser tendency for constriction by Oo. The 
authors were reluctant to accept their results as indicative of similar cerebral 
circulatory influence of O2 on man for two reasons: 1, because their experimental 
animals were under amytal anesthesia; 2, because the vessels in the pial covering, 
they thought, may act differently than the vessels in the brain substance. They 
further cautiously pointed out that the changes they observed may have been 
related to the sub-normal arterial O2 saturation (75 per cent) obtaining before the 
O, inhalation (due, perhaps, to the anesthesia) and a rise to 95 per cent saturation 
on the inhalation of the O.. They maintained that it does not necessarily follow 
that a similar increase in arterial O. above normal would give a comparable vascu- 
lar change. 

In studies relating blood flow and inhalation of various Os-CO, mixtures by 
human subjects, Lennox and Gibbs (1932) found that when breathing pure O, 
the O, content of the arterial blood increased by 1.2 volumes per cent. The 
changes in blood flow, they found, were comparatively slight and inconsistent. 
“The results,” they say, ‘‘therefore are indecisive, there being evidence of a slight 
decrease in the speed of blood flow through the brain and more consistent evidence 
of an increased flow through the leg.’”” The same authors found that an increased 
COQ, tension of the arterial blood caused an increased flow through the brain and a 
decrease through the leg. The reciprocal allotment of blood flow through the 
brain and through the peripheral tissue during O» inhalation would appear then to 
be just the reverse of that induced by CO: administration; excess O. seems to 
favor, though to small degree, an increase of blood flow to the periphery while 
excess CO, favors a shift of flow to the brain. 

This observation on the reciprocal adjustment to CO, confirms the findings of 
Gesell and Bronk (1926) that the administration of CO, caused an increased 
blood flow through the carotid artery and to the brain. Bronk and Gesell (1927) 
and Bernthal, Bronk; Cordero and Gesell (1928) not only showed that both low 
O, and CO, increased the volume flow of blood through the carotid artery, but 
that there was a parallel increase in the blood flow through the vertebral.artery, 
thus demonstrating that carotid blood flow is a safe index of the blood flow 
through the brain. The breathing of pure O, at atmospheric pressure, or Oz in 50 
per cent mixtures, caused a decrease in the carotid and femoral volume flow of 
blood. 

Kroetz (1930) deduced from experiments on normal human subjects that 
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breathing O, at increased concentrations caused a large increase in the volume 
flow of blood and an increase in the O2 tension of the tissues. 

The view that O2 causes a vasoconstriction in the brain finds some support, 
however, in the experiments of Schmidt (1934) on the regulation of the circula- 
tion in the hypothalamus of the cat. He observed that the administration of O» 
occasionally gave a slight vasoconstriction as indicated by a thermo-junction 
thrust into that tissue. Dumke and Schmidt (1943) measured the cerebral 
blood flow through the basilar and internal carotid arteries in nembutalized 
Macacque monkeys and found ‘‘there was a distinct hint of a constrictor action”’ 
when breathing oxygen (100 per cent), but this effect was never at all marked; 
a dilating effect of CO. (10 per cent) was consistently observed. When CQ, is 
administered along with increased O, tensions any vasoconstrictive influence 
which O, may exert on pial or retinal vessels is nullified by the dilating action of 
the CO»; the result is an increased blood flow to the brain (Wolff and Lennox, 
1930; Cobb and Fremont-Smith, 1931; Cusick et al., 1940). 

Cusick, Benson and Boothby (1940) found that breathing pure O, at atmos- 
pheric pressure for 30 minutes, decreased the calibre of both arterioles and veins 
in human retinae by from 10.5 to 37.7 per cent; usually this change was more 
marked in the veins. It was also observed that in spite of any constriction which 
occurred when breathing Os, the venous blood was much redder than when 
breathing air. Similarly Cobb and Fremont-Smith (1931) observed in men that 
the colour of the retinal veins became arterial when CO,—O, was breathed. 

Rosenthal (1939) reported that in fifteen human subjects the inhalation of O, 
caused a narrowing of physiological angioscotomas; after the withdrawal of the 
O, there occurred a widening of the scotomas to areas in excess of that preceding 
the O2 administration. The pattern of the narrowing induced by O, inhalation 
followed that of the retinal vessels which suggested the effect was of peripheral 
rather than of central action of the O.; the retinal synapse was proposed as the 
probable site of this influence. Cusick et al. (1940) interpret Rosenthal’s find- 
ings as due to the involvement of an O: vasoconstriction. 

n evaluation of the evidence concerning the influence of O, on vessel calibre 
supports the conclusion that O: at atmospheric pressure does cause a slight vaso- 
constriction in the C.N.S. and retinae. But the fact that the venous blood is not 
normally reduced when breathing O, indicates that if this vasoconstriction is a 
reaction on the part of the organism to protect its tissues against an excessively 
high arterial O, tension, it is grossly inadequate as a protective mechanism. The 
finding that a relatively small increase in CO2 completely masks any vasocon- 
strictive influence of O. is important, not only in the interpretation of vasomotor 
responses to breathing O2 at atmospheric pressure, but also and especially in the 
interpretation of the effects of O2 at pressures above one atmosphere. In any 
case a localized vasoconstriction cannot be regarded as an infallible index of a 
generalized vasoconstriction,—a point well emphasized by Wiggers (1942) in 
connection with his studies on shock. 

Blood. In recent years a renewed interest in the blood changes induced by 
breathing O» rich mixtures has become manifest. This interest has been for the 
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most part concerned with the changes in cell counts, cell size, and hemoglobin. 
Heller, Mager and von Schrétter (1900) observed no significant change in the 
R.B.C.’s of caisson workers as a result of exposure to the increased air pressure, 
but Bornstein (1911) found that exposure of a dog to air pressure of about two 
atmospheres from October to the following April caused a decrease in the R.B.C. 
count and a drop in hemoglobin from 100 to 85 per cent; these and similar changes 
found in growing dogs and a monkey, but not in pigeons, were attributed to an 
increase in the blood volume. Ishikawa (1939) likewise reported that exposure of 
dogs to compressed air (80.85 or 130 lbs.) caused a decrease in hemoglobin con- 
tent of the blood. 

Karsner (1916) after having made careful studies on twelve control animals in 
which he found considerable variation in the R.B.C. counts (between 8,460,000 
and 5,512,000 per cm.) stated that prolonged exposure to high concentrations of 
O- (80 per cent to 90 per cent) at atmospheric pressure, appeared to produce no 
material changes in the erythrocyte count that were not observed in control ani- 
mals living for similar periods under the same general conditions. The variation 
in the per cent of reticulated R.B.C.’s of the control animals was such (2 to 25 per 
cent) that no very definite conclusion could be made concerning the action of Oz 
on this type of cell. Likewise, the resistance of the R.B.C.’s to hypotonic solu- 
tions, and the hemoglobin percentage as determined by the Talquist scale, showed 
no distinct changes. 

In four out of five of Karsner’s experimental animals there was a consistent 
and appreciable leucocytosis as a result of the O2 exposure (the fifth animal was 
not acceptable because of an abnormally high count before exposure). This in- 
crease in leucocytes was apparently unrelated to the occurrence of pneumonia ob- 
served in the O, exposed animals; Karsner believed it was “‘probably to be ex- 
plained only as accidental variations so frequently seen in the rabbit.’”’ There 
was a pronounced phagocytosis of the R.B.C.’s in the lymph nodes of the O» ex- 
posed animals and this was thought to be associated with the passive congestion 
found in other organs. The bone marrow of ten animals exposed to O2 showed no 
distinct departure from the picture seen in the controls. The clotting time was 
likewise unaffected by the O: exposures. 

Full and von Friedrich (1923) subjected healthy men, diabetics, and hemi- 
plegic patients to O2 at pressures of +10 to +8 cm. of H,O by means of a gas 

‘mask and found there was a significant decrease in hemoglobin content of the 
blood. They concluded that this change was caused by a movement of tissue 
fluid, low in albumin, sugar, and NaCl, into the blood stream. Izumiyama 
(1928) in somewhat similar experiments found that breathing O2 at both at- 
mospheric and at slightly increased pressures (+8 to +20 cm. H2,O) caused a 
decrease in both hemoglobin content (10 to 20 per cent) and in the R.B.C. count. 
However, since the mechanical effects of an unequalized positive pressure may 
cause reflex and direct circulatory changes, it is questionable whether the results 
of these experiments may be safely interpreted simply as O: effects. 

Barcroft, Hunt and Dufton (1920) studying the treatment of chronic gas 
poisoning by residence in a chamber containing O, in 50 per cent concentrations, 
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found that when the R.B.C. count before the treatment was greater than five 
million the treatment reduced the count, but when it was less than five million 
subsequent residence in the O2 chamber did not alter it. 

Campbell (1927ab) concluded that exposures to hyperoxygenated air at at- 
mospheric pressure (O2 content as high as 200 per cent above normal), for 3 or 4 
weeks caused a decrease in both hemoglobin percentage and in the R.B.C. count 
in rabbits, rats, mice, “cavies”, and monkeys (cats were not so affected; but the 
color index increased). These results suggested that Bornstein’s earlier finding 
of a decreased R.B.C. count in compressed air was due to the increased O, ten- 
sion, but Campbell disagreed with Bornstein’s interpretation that such change 
was caused by a hemodilution, because of the lack of parallelism between changes 
in hemoglobin and R.B.C. count. Although the color index increased in Camp- 
bell’s animals during the exposure to the increased O: to a point resembling that. 
observed in pernicious anemia, neither the size nor the type of R.B.C. was altered. 

In the experiment in which the reticulated R.B.C.’s were examined, Campbell 
found 8 per 1000 at the end of a four weeks’ exposure to the increased O, tension,. 
whereas ten days after return to normal air they had increased to 80 per 1000. 
This suggested that the high O, concentration decreased the formation of 
R.B.C.’s, but in view of the fact that this represents data from only one experi- 
ment, that apparently no pre-exposure estimation was made, and that very wide 
variations in reticulated cells occur even under ordinary conditions (Karsner, 
1916), perhaps the results are less significant than they might at first appear. 
The changes in the white cells were not sufficiently consistent to be significant, 
but the differential counts showed the lymphocytes were appreciably increased 
by the Oz exposure. 

Achard, Binet and LeBlanc (1927) found an increase in both the R.B.C. and 
leucocyte counts in their experimental animals (guinea pigs and rabbits) after 48 
hours of exposure to 80 per cent O» at atmospheric pressure with a partial return 
to normal at the end of 120 hours of exposure. It was later reported (Binet and 
Bochet, 1938; Binet, Bochet and Bryskier, 1939) that breathing hyperoxygenated 
air caused an initial decrease followed by an increase in the R.B.C. count to 
values as high as 150 per cent above normal. It was also noted (Binet, Bochet 
and Guiraud, 1939) that while 70 per cent O2 mixture caused decrease in the 
R.B.C. count of guinea pigs and rabbits within the first few hours of exposure, it 
might still be subnormal after several days. Very similar initial results were ob- 
served in guinea pigs with 40 per cent O2 mixtures and in men breathing 60 per 
cent O2 from oxygen tents. The results reported by these investigators suggest 
that the lack of unanimity of opinion among various investigators as to the effects 
of increased O, concentrations on the R.B.C. counts, may perhaps be explained 
by differences in the time at which the counts were made and in the concentra- 
tions of the O2 employed. ’ 

Anthony and Bechthold (1939) noted that in men even the first few minutes of 
breathing O, caused a drop in the hemoglobin content of the blood and a decrease 
in the R.B.C. count. These changes were only temporary, however, for within 
fifteen minutes recovery had begun and after fifty minutes the original values 
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had been regained. The decrease in hemoglobin and R.B.C. count was at- 
tributed to an increased blood volume resulting from a shift in tissue fluid (An- 
thony, 1940). Paine, Keys and Lynn (1941) reported a marked increase in the 
hemoglobin (associated with a decline in O, saturation of the arterial blood) of 
dogs exposed to 90 percent O, for several days. Davis (1941) found a slight but 
constant increase in both the hemoglobin content and in the R.B.C.’s as a result 
‘of administering O, (1000 cc. per min.) by nasal catheter to anesthetized dogs, 
but the W.B.C.’s were reported to be definitely decreased by as much as 10 to 
30 per cent of their initial value. Behnke et al. (1934) found an increased 
leucocyte count in three men after four hours of breathing O, at one atmosphere 
pressure. Becker-Freyseng and Clamann (1939) observed a very distinct in- 
crease in the leucocytes (from 6,200 to 12,700) but only a very slight increase in 
R.B.C.’s in themselves as a result of their exposure to O2 in concentrations of 
about 90 per cent. 

The size of the blood cells has also been found by various observers to be altered 
by breathing increased concentrationsofO2. Mannasein (1872) reported that the 
diameter of the R.B.C.’s was increased by breathing O.. Gunther (1928) ob- 
served that breathing O2 caused a decrease in R.B.C. diameter from 7.14 u to 
6.72 uw. Similarly Hitzenberger and Molenaar (1934) reported that in healthy 
persons the breathing of O2 for twenty minutes caused a decrease in both the di- 
ameter (from 7.3 u to 7.1 «) and the volume of the R.B.C.’s as well as a decrease 
in serum albumin and an increase in blood volume. The dilution of the blood 
was attributed to tissue fluids flowing into the vessels from plasma depots and a 
release of water from the R.B.Cs. The authors think that prolonged changes in 
the O2 tension in the air breathed—even that associated with the usual changes in 
barometer reading——may cause a distinct effect on the blood and its con- 
stituents. 

Schmidt-Lange and Podloucky (1937) likewise found that in mice, guinea pigs, 
and rabbits the diameter of the R.B.C.’s was decreased by breathing O2 and 
thought this was due to a disturbance of the O.-CO: relation and the acid base 
equilibrium of the body. All of the ten healthy persons studied by Anthony and 
Bechthold (1939) showed an average decrease in R.B.C. diameter of 2.1 per 
cent as a result of breathing O.. This was attributed to an increased alkali bind- 
ing ability of the oxyhemoglobi aken as a whole the reports on cell size indi- 
cate that breathing O. or hyperox¥genated air caused a decrease in R.B.C. di- 
ameter. 

The reports of chemical changes occurring in the blood as a result of exposure 
to increased concentrations of O, have not been very extensive. That there is an 
increase in the amount of O in solution has, of course, long been recognized, even 
before the time of Bert. Quinquaud (1884) found that breathing pure O, in- 
creased the O, content of the arterial blood 2.2 volumes per cent. Hough (1910) 
explained the changes in breathing which he observed in O, at concentrations of 
60 to 80 per cent as due to an increase of 1.2 volumes per cent of O» dissolved in 
the blood of his subjects. Hill (1912) gives the O, solubility of the blood at body 
temperature as 2.4 volumes per cent. This would mean, assuming complete 
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equilibrium in the lungs, that the O, carriage by the blood to the tissues would be 
increased by more than 10 per cent if the alveoli were filled with O.. Lennox and 
Gibbs (1932) found that the O2 content of arterial blood in man was increased 1.2 
volumes per cent by breathing pure Oo, but that the CO, content was not appreci- 
ably altered. Analyses made by Binger, Faulkner and Moore (1927) showed 
that in dogs after several days’ exposure to hyperoxygenated air (70 per cent Os), 
the arterial blood was only 40 per cent saturated\/ Such a. finding is particularly 
significant in relation to O2 therapy; it indicates that while breathing O. may 
initially increase the O2 content of the blood, its continuous administration to a 
point where lung damage is induced, may actually result in subnormal O: content 


the blood. 

Oxshicawn (1939) reported that exposure of dogs to air pressures of from 60 to 

130 pounds caused a decrease in the blood lactic acid and an increase in blood 
sugar. Davis (1941) found that O2. administration to dogs caused no significant. 
change in blood sugar, chlorides or N.P.N., but that there was 1 decrease in CO2 
combining power of the blood which persisted for as long as twenty minutes after 
cessation of the O, administration. Mention has already been made of reports 
on changes in blood urea and CO, (see section on metabolism). 

Influence of O2 on Enzymes. Investigations carried out in recent years provide 
ample evidence that increased concentration of O2 at atmospheric pressure inhibits 
enzyme activity. That this should be so is perhaps not so surprising in view of 
the inhibitory effects of increased O, tensions in some inorganic reactions. 
Brooks (1942) points out that O, is an inhibitor of many inorganic thermal and 
photochemical reactions and his own experimental data suggested that in the oxi- 
dation of hemoglobin, O2 acts both as a reactant and inhibitor as it does in the 
ease of irradiated quinine (Weigert, 1912). 

Laqueur (1912) reported that the rate of proteolysis in liver tissue was slowed by 
Os. MeCance (1924), studying autolysis, found that urea formation was in- 
hibited by Oz. Voegtlin and Maver (1932) and Maver, Johnson and Voegtlin 
(1933) showed that a decrease in O, tension accelerated proteolysis. Lee and 
Chen (1938) reported similar results from experiments on acid glycerol extract 
from sheep liver and that this inactivation of proteolytic enzymes was only 
partially reversible. Libbrecht and Massart (1934) also found proteolytic 
enzymes were inhibited by O2. The experiments of Bailey et al. (1942) likewise 
show an inhibitory action of O2 on proteolytie enzymes. Albaum, Donnelly and 
Korkes (1942) working with oat seedlings found suggestive evidence that in- 
creased QO, tension interferes with proteolysis. Rondoni and Pozzi (1933) how- 
ever reported the rate of proteolysis in liver extract was not altered by Ox. 

Marks and Fox (1933) and Marks (1935a, b) found that catalase from some 
species of marine plants and 19 marine animals were inactivated either directly 
or indirectly by O, and enzyme assays of Albaum et al. (1942) carried out an oat 
seedlings thirty hours after the grain had been soaked in oxygenated solution 
showed that such oxygenation decreased catalase activity. 

Albaum et al. (1942) also found that oxygenation decreased the endogenous 
dehydrogenase activity of oat seedlings, and Shapiro and Wertheimer (1943) re- 
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ported that the O, in room air readily inhibited the activity of fatty acid de- 
hydrogenase in mixtures with coenzyme and substrate. Formic dehydrogenase 
of B. coli has also been found (Gale, 1943) to be inactivated by increased O, 
tension. Lehmann (1935) reported that the activity of succino-dehydrogenase 
had its optimum O;, tension at from 44 to 56 mm. Hg;at higher tensionsit was very 
distinctly lowered. This toxic effect of increased O, tension was said to be ir- 
reversible and the critical pH value for this effect lay in the neighborhood of 7.4. 
In studies on Acetobacter peroxydans, Weiland and Pistor (1938) found lactic 
acid dehydrogenation was inhibited by Os. 

In experiments on red blood cells (human) and tissue slices, Jowett and Quastel 
(1933a, b) found that glyoxalase activity was diminished by Os, that this in- 
hibitory effect increased as the exposure was continued, and that it was a re- 
versible process. The authors indicated that this effect of O. is probably due to a 
partial oxidation of glutathione which results in a decreased co-enzyme concentra- 
tion and thus of enzyme activity. 

Hellerman, Perkins and Clark (1933) and Hellerman (1937) also report that O, 
has an inhibitory influence on many enzyme systems and emphasize the impor- 
tance of the presence of heavy metal ions in some of these inhibitory reactions. 
It was found that several hours’ aeration of highly purified, crystalline urease re- 
duced the activity by only about 10 per cent, but in the presence of cupric ions 
the ureolytic activity was completely abolished by aeration for only one-half hour 
and irreversibly destroyed by aeration for 3.5 hours. These results were inter- 
preted to indicate that the “‘poisoning”’ effects of cupric ions were not due to the 
ions themselves but rather to their ability to accelerate the oxygenation of urease. 
This influence of the ions of heavy metals such as iron, and especially copper, was 
also pointed out to be operative in the case of cysteine which, in highly purified 
form, was reported to be but slowly attacked by O2 but: when in the presence of 
ions of iron or copper it, as was true also for other thiol compounds, was rapidly 
oxidized. 

Pathology. The first suggestion that breathing O, caused pathological effects 
seems to have come from the observations of Priestley. Lavoisier (1783) was 
aware of these observations and having, as he said, occasion to repeat some of 
Priestley’s experiments chose guinea pigs for the purpose. Autopsies were per- 
formed on these animals which had died in “‘vital air” and he found that in every 
instance death appeared to have been caused by “une fievre ardent’? and a 
“maladie inflammatoire.” ‘The flesh was a very red colour; the heart livid, and 
turgid with blood, especially the right auricle and ventricle; the lungs were very 
flaccid, but very red, even externally”; they were also engorged with blood. 

Beddoes, one of the earliest advocates of the therapeutic use of O2, recognized 
that the injudicious use of O. might cause pulmonary damage. He says, “‘It is 
not then defect but excess of Oxygene that is pernicious here. The heart and 
arteries pulsate more quickly and forcibly; the eyes grow red and seem to pro- 
trude; the heat of the body is said to considerably increase (a), sweat to break out 
over the whole body and fatal mortification of the lungs to come on. These ap- 
pearances denote violent inflammation. The production of inflammation is fully 
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established by dissection” (Beddoes and Watt, 1796). An experiment was per- 
formed on a large kitten which was kept for seventeen hours in an atmosphere of 
80 per cent O2.. At autopsy it was found that the lungs were a florid red color. 
The edge of one lobe ‘“‘was marked with livid spots (as in mortification). The 
pleura was likewise evidently inflamed’’; the lungs of the control kitten were 
“pale.” 

The first report of any extended experiments on the action of O2 in successive 
exposure appears to be that of Dumas (1866) who, thinking O, might have some 
“baleful” action on some types of phthisis, tested his theory on a dog. A healthy 
animal was placed in a large chamber in which the air had been replaced by O: 
and which was fitted with inlet and outlet tube for maintaining a constant purity 
of the gas. The animal was kept in this atmosphere for a period of six hours, at 
the end of which time its respiration appeared to become “‘more precipitate, more 
rapid”’; the animal was then moved to ordinary air. This same procedure was re- 
peated twice a day for 28 days, at which time, because of manifest respiratory 
difficulty, the periods of O. exposure were shortened but continued for 15 days 
longer. At that time the dog’s breathing had become ‘“‘sonorous, sibilant and 
laborious,’ his weight had fallen, and he became emaciated. The animal was 
killed, and its lungs examined; the right side of the thorax was found filled with 
“acrid serum and coagulated blood; the bronchial tubes were filled with fluid; the 
pleura was tightly adherent to the lungs especially at the bases which were ad- 
herent to the adjacent parts. The membrane was red, tumefied and as if affected 
by inflammation. The lungs, red and seamed with little rents, had become con- 
siderably solidified as occurs in the case of organs which have been for some time 
inflamed.” In the vicinity of the bronchial tubes there was found a suppurating 
abscess. Dumas says, ‘“The anatomical inspection of these organs, therefore, did 
not permit one to doubt that O2 had induced an irritating action upon the lungs 
and that from it had resulted all the ordinary symptoms of phthisis.’”’ Demar- 
quay (1866), another ardent O, therapeutist, recognized a danger in the use of O. 
and maintained that particularly in the presence of a tendency ‘‘to an inflam- 
matory state this gas may give rise to accidents.” 

Although the data from these early experiments can be accepted only with 
some degree of reservation due to the small number of experimental animals em- 
ployed and the question of adequate controls, they do find support in later and 
more carefully controlled investigations. 

Moir (1895) reported that mules which had been continuously exposed for 
several months to compressed air at ahout 30 pounds’ pressure in the Hudson 
Tunnel showed no adverse effects. This was taken as evidence that O: in con- 
centrations equivalent to 60 per cent of an atmosphere is innocuous. Smith 
(1899) found pronounced pulmonary pathology in mice, birds, rats, guinea pigs 
and pigeons which had been exposed to O, at atmospheric pressure. The alveoli 
were filled with a “granular’’ exudate; no leucocytes were present. The con- 
dition resembled the ‘‘earliest stages of croupous pneumonia.” In addition to 
pulmonary ‘“‘inflammation,” congestion, and consolidation, there was also con- 
gestion of other organs, particularly the liver, spleen and kidneys. The pa- 
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thology was essentially the same in both mammals and birds. The higher the O. 
tension the earlier was the onset of the inflammatory reaction, but O2 at tensions 
equivalent to 40 per cent of an atmosphere was without effect and failed to pro- 
duce pneumonia in mice which had been exposed to it for as long as eight days. 
In O; concentrations of about 80 percent, however, some mice died after only 
four days of exposure. Smith pointed out that the autopsies of individuals dying 
of caisson sickness had sufficient features in common with O» poisoning to suggest 
that the increased O, tension in compressed air may contribute to the pathology 
of caisson sickness. 

Hill and Macleod (1903c) observed that O, at atmospheric pressure did not 
cause any symptoms of pneumonia in mice in a 6 hour exposure. Air at a pres- 
sure of 5 atmospheres for periods up to as long as 24 hours likewise caused no 
symptoms of pneumonia. It was believed that such a duration was too short to 
induce any distinct lung pathology. But at air pressures of 7 atmospheres there 
occurred gasping and death and at autopsy extensive pathology resembling that 
described by Smith (1899) was found in the lungs. The authors denied, how- 
ever, that the increased O; tension in the air pressures commonly employed at that 
time was a contributory factor in the occurrence of caisson sickness as Smith had 
claimed. 

Schmeidehausen (1909), using mice, rabbits and guinea pigs in experiments in 
which some of the animals were exposed to pure O, at atmospheric pressure in a 
chamber and others breathed O, through a tracheal cannula, found pathological 
changes in the lungs characterized by hyperemia, edema, atelectasis and in- 
flammatory processes; but no ¢rue pneumonia occurred in exposures of less than 
69 hours. David (1912) demonstrated changes essentially similar to those of 
Schmeidehausen. Schmidt and David (1911, 1912) emphasized the danger in 
the prolonged use of O: in chloroform anesthesia and claimed that even in con- 
centrations as low as 40 to 60 per cent, O2 by itself induces inflammatory changes 
in the lungs if the exposure be prolonged to 70 hours. 

Bornstein and Stroink (1912) found that continuous breathing of O» in con- 
centrations as low as 60 per cent for several months produced anemia in a dog and 
monkey and that at somewhat higher percentages, desquamation, edema and in- 
flammation with some hemorrhage occurred. Briining (1912), however, claimed 
the changes described by these two authors were really caused by the dryness of 
the gas rather than by the O, itself, to which charge Bornstein (1912) replied in 
defense of the evidence of Bornstein and Stroink. 

Adams (1912), experimenting with guinea pigs, found that breathing O, in 
concentrations of about 80 per cent caused death in from three to four days. 
Post mortem examination showed the lungs to be markedly congested, all the 
lobes were distended; the heart was engorged as in asphyxial death; exudate was 
present in the alveoli and the epithelium showed desquamation; bacterial smears 
and cultures made from the cut lung were negative. Death was attributed to an 

‘acute “lobar or catarrhal pneumonia.”’ It was concluded that O, in concentra- 

tions below 70 per cent can be inhaled for prolonged periods without giving any 
symptoms of pathology, but in higher concentrations its use is attended with 
serious risk of causing an irritative pneumonia and death. 
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Karsner (1916), emphasizing the need of further studies on the possible pa- 
thology induced by breathing atmospheres rich in O:, carried out investigations 
dealing with the effects of O2 in 80 to 96 per cent mixtures at atmospheric pres- 
sure. Great caution was observed in the matter of controls since autopsies had 
frequently revealed the presence of significant pathology in supposedly normal, 
non-symptomatic laboratory animals—especially rabbits. 

Among the changes induced by increased concentrations of O. Karsner found 
dilatation of either the right or both sides of the heart in animals which had suc- 
cumbed to, or survived, 2 to 5 days of exposure to the increased O,; cloudy swell- 
ing became practically uniform in the longer exposures. The aorta showed no 
notable change. The liver was passively congested, and this, it was thought, 
might or might not have been associated with hemosiderin pigmentation, but it 
was not prominent until after 72 hours of exposure when it was associated with 
intercellular edema; the stomach and intestines were also congested. 

In the kidneys too the most prominent change was one of congestion; cloudy 
swelling appeared to be more evident in the kidneys of high O2 animals than in 
the controls, but Karsner questioned if the difference was great enough to be of 
significance. Albuminuria appeared in two of the O2 exposed rabbits; six posi- 
tive cases of interstitial nephritis which occurred were explained as having 
probably arisen from the superimposition of passive congestion on kidneys al- 
ready diseased, but diseased so that under ordinary conditions albuminuria did 
not exist. The adrenals and spleen showed no significant alteration other than 
that of congestion. Lymph nodes appeared to indicate a more marked phago- 
cytosis of R.B.C.’s associated with the passive congestion. Bone marrow from 
ten exposed animals showed no distinct difference from that of the controls and 
the blood was not thought to be significantly altered. 

Karsner, like Hill and Macleod (1903c), was impressed by the wide individual 
variation in susceptibility to the effects of O. poisoning. He suggested that the 
susceptibility to the deleterious effects of O. might be accentuated by living 
through the diseases which caused the non-experimental lesions—a point of con- 
siderable interest, especially to those O2 therapeutists who have maintained that a 
damaged lung is less susceptible to any injurious effect of O. than a normal lung. 
Karsner’s finding of fibrin in the inflammatory reactions of the lungs is contrary 
to that of Smith (1899), but both of these investigators reported that the leu- 
cocytes were not significantly altered. The passive congestion in the lungs and 
all abdominal viscera and which was accompanied by ‘“‘secondary changes such as 
cloudy swelling of the parenchymatous organs and phagocytosis of erythrocytes 
by endothelial cells of the mesenteric lymph nodes” was attributed by Karsner 
to the failure of the heart, either as a whole or its right side. It was concluded 
that ‘‘atmospheres containing 80 to 96 per cent oxygen under normal barometric 
pressure produce in 24 hours, or more commonly 48 hours, congestion, edema, 
epithelial degeneration and desquamation, fibrin formation, and finally a pneu- 
monia, probably of irritative origin and to be described as a fibrinous broncho- 
pneumonia.” Further work by Karsner and Ash (1916) confirmed these findings 
and also showed that while 53 per cent O2 caused no change in rabbit lungs in ex- 
posures of about 3.5 days, 67 per cent induced slight evidence of pneumonia but 
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no true inflammatory reaction and 75 per cent caused early pneumonia in ex- 
posures carried out over longer periods. 

Barach (1926) found that normal rabbits exposed for from one to four months 
to O2 in concentrations up to 60 per cent at atmospheric pressure were unaffected 
in their general appearance, behavior, growth or weight. Tissues examined 
after one and two months of exposure showed no gross or microscopic pathology. 
The exposure to O, at 70 per cent, however, caused pulmonary changes char- 
acterized by anedema. These experiments led to the conclusion that 60 per cent 
is the upper limit of concentration at which O, might be used safely for extended 
periods in therapy. 

Binger, Faulkner and Moore (1927) were of the opinion that the numerous re- 
ports of pathological effects induced by breathing O» enriched atmospheres might 
have been due to inadequate removal of CO:, undue temperature, humidity and 
the movement of air in the small quarters in which so many of the experiments 
had been carried out. They considered it desirable, therefore, to investigate 
the problem under conditions where these various factors and the respiratory in- 
fections, which they, like Karsner, found so prone to occur in caged animals, 
could be ruled out. The first abnormal sign which they noted in their experi- 
mental dogs subjected to an atmosphere of 70 per cent O2 was a refusal of food on 
the third day and a subsequent loss of weight; vomiting occurred on the fifth day 
and drowsiness on the sixth. Labored breathing, becoming progressively more 
severe, was first noticed on the sixth day and was characterized by its slow rate, 
increased depth and expiratory effort. Nosignificant variations in body temper- 
ature were evident. On the eighth day the dogs were removed—in one there was 
marked cyanosis and cardiac arrhythmia diagnosed by electrocardiogram as due 
to extra systoles; blood-stained froth was pouring from the mouth. Analysis of 
arterial blood showed only a 40 per cent O» saturation. The second dog showed 
no anoxemia or respiratory distress and its arterial blood was 94.6 per cent satu- 
rated. The third dog had respiratory disturbances similar to, but less severe, 
than that observed in the first; its arterial blood showed a 93.7 per cent Oz 
saturation. . 

At autopsy the lungs of the most severely affected dog were found collapsed and 
mottled, ‘“‘beefy red—bright in some areas and dull red in others’’; no normal 
tissue was found and the trachea was full of blood-tinged froth. Microscopic 
sections showed a general destructive process of a non-infectious character in- 
volving all parts of both lungs, characterized by: (1) capillary engorgement with 
some hemorrhage; (2) presence of interstitial and intra-alveolar serum; (3) 
hypertrophy and desquamation of alveolar cells; and (4) interstitial and intra- 
alveolar infiltration of mononuclear cells. No micro-organisms were found in 
any of the sections examined. The lungs of the second dog were normal except 
for an apparent capillary engorgement. ‘The lungs of the third dog were col- 
lapsed; there were a few small hemorrhagic areas and capillary engorgement. 
The gross appearance of all the other viscera was essentially normal. Blood 


’ from the hearts in all three dogs was sterile and lung puncture material showed no 


bacterial growth on blood agar. 





“a - p's _ _ rr 











EFFECTS OF OXYGEN AT INCREASED PRESSURE 29 


In the rabbits—placed in separate cages with these three dogs—the first 
symptom of significance was marked respiratory dilatation of the alae nasi on 
about the sixth day of exposure. This respiratory disturbance progressed to one 
of distress, a gasping inspiration with involvement of accessory muscles of 
respiration. Cyanosis was present in all three rabbits by the seventh day and 
two died. The third was taken from the chamber at this time, but had a con- 
vulsive seizure and died a few minutes after exposure to normal air. The au- 
topsies revealed pathology very similar to that found inthe dogs. Guinea pigs 
survived O, for four days and the lungs at that time had the gross appearance of 
liver and sank in fixing fluid. Two mice survived the QO: for six days; lung pa- 
thology was similar to that of the guinea pigs. Two mice kept as controls in a 
similar chamber remained normal. 

These investigators questioned whether their findings might not have been 
caused by some impurity in the O, due to the method of its preparation (Burrows, 
1917) and therefore ranaseries of tests on mice. They found that O, prepared by 
air reduction, by the electrolytic process, and that purified by bubbling through 
olive oil to remove any traces of ozone, all produced the same effects, thus ruling 
out the possibility that the pathology might have been caused by some impurities 
in the O.. The authors agreed with the view that O2 in concentrations greater 
than 60 per cent of an atmosphere causes a rapid deterioration in the mammalian 
organism, and in concentrations over 70 per cent is poisonous to dogs, rabbits, 
guinea pigs and mice. ‘The poisonous effects manifest themselves in drowsiness, 
anorexia, loss of weight, increasing dyspnea, cyanosis and death from oxygen 
want because of a destructive lesion of the lung. This lung alteration was not 
characteristic of an infectious process and was interpreted as a possible protective 
reaction which, progressing too far, causes death. ‘“The organism, in its un- 
successful effort to achieve a new equilibrium, is kept alive by the very environ- 
mental condition which ultimately destroys it.”’ 

Faulkner and Binger (1927) found, however, that frogs were not noticeably 
affected by O:2 in concentrations as high as 95 per cent. Turtles likewise ap- 
peared to be unaffected at their usual body temperature, but if the body temper- 
ature was raised to that of mammals, the general response to O2 and pulmonary 
pathology was essentially the same as that of mammals; young turtles were 
more resistant to this change than the older ones. In looking for an explanation 
of these effects the authors suggested that perhaps a reaction takes place between 
O. and pulmonary tissue, the temperature coefficient of which is such that it 
occurs at body temperature of mammals but not at room temperature; or that a 
chemical irritant is produced which acts on the lung or that the metabolic rate 
is raised, thereby increasing the toxicity of Ox. 

Achard, Binet and LeBlanc (1927), experimenting on guinea pigs and rabbits, 
also found that 80 per cent O» caused distinct pulmonary pathology and death. 
Guinea pigs survived three to five days and rabbits about five to six days. In 
addition to the pulmonary congestion, desquamation and consolidation described 
by other investigators, the alveolar walls were found to be infiltrated with leu- 
cocytes and eosinophils. Hubbs (1930), experimenting with ozone and hydrogen 
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dioxide, concluded that the lethal action of these substances on aquatic animals 
must be caused by “‘nascent oxygen.” 

The evidence which had accumulated up to this time would seem amply to war- 
rant convicting O, as a dangerous agent, but Smith, Heim, Thomson and Drinker 
(1932) were unconvinced and suspected that the evils of excess O2 had been ex- 
aggerated. Their skepticism was not unlike that voiced by Binger, Faulkner 
and Moore (1927): ‘““No previous work on the toxicity of increased oxygen tension 
in the respired air,’”’ said Smith et al., ‘‘has been conducted under conditions in 
which all the other factors were constantly and perfectly controlled, and most of 
the investigations on this subject have been based upon data obtained from ob- 
serving a limited number of animals.”’ They decided to gather new data. The 
animals chosen for their investigation were albino rats from Wistar stock. These 
were exposed to compressed air at 3040 mm. Hg pressure (an QO, partial pressure 
of 635 mm. Hg, i.e., an O2 equivalent of 83.6 per cent at normal barometric pres- 
sure). Since the work was intended as a very careful study on Os effects it is 
perhaps unfortunate that the possible complicating influence of increased N, 
concentration and physical factors of increased air pressure were not ruled out by 
the use of O. mixtures at atmospheric pressure. 

The pathology found by Smith et al. in rats exposed to compressed air and 
attributed by them solely to the increased partial pressure of Oo, was very similar 
to that observed by other investigators in animals exposed to increased concen- 
tration of O, at atmospheric pressure. In adult rats (over 5 months old) there 
was dilatation of the heart, congestion of the viscera and some tubular damage in 
the kidneys manifested by areas of degeneration and the presence of mitotic 
figures in the tubular epithelium. The lungs were dark beefy red and very in- 
tensely edematous. There was pleural effusion, and considerable emphysema 
was present in the alveolar ducts. The capillaries of alveolar walls were engorged 
with R.B.Cs. and the arteries and veins were surrounded by large zones of peri- 
vascular edema with varying degrees of cellular infiltration. The trachea, 
bronchi and bronchioles were not affected. 

Young rats under forty days of age showed no evidence of this O. damage except 
for an early perivascular edema, dilatation of the lymphatics, and slight cellular 
infiltration; in rats 100 days old these changes were more pronounced and in ad- 
dition there was some desquamation, hyperplasia and hypertrophy of alveolar 
cells. Numerous mitotic figures were found in the alveolar walls of rats which 
had apparently become adapted to the increased pressure and the hyperplasia 
persisted for months after the rats were returned to normal air pressure. It was 
this increased pulmonary ‘“‘cellularity,” believed to be induced in adult rats by Oz 
at increased tension, but normally present in young rats, which the authors 


- claimed was responsible for an increased resistance and adaptation to O2 poison- 


ing; this adaptive change, it was said, preyented the development of O, poisoning 
on re-exposure (see section on acclimatization). These authors maintained that 
the higher mortality in older non-adapted rats was to be explained by the loss of 


~ the young lung characteristics. 


Boycott and Oakley (1932) concluded that the cause of death in rats exposed 
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to increased percentages of O2 at atmospheric pressure was massive pleural effu- 
sion. In QO, concentrations of 95 to 99 per cent about one-half of their experi- 
mental animals (rats) died, but no symptoms appeared in less than two or three 
days. On the fourth day all the animals developed progressive dyspnea; in the 
next two days some became worse and died while others recovered. Dyspneic 
rats brought into normal air died within one-half hour. The thorax was found 
to be full of clear liquid and the lungs completely collapsed. Capillaries were 
congested, fluid was found in alveoli; many monocytes but no polymorphonuclear 
leucocytes were found in the lung. The rest of the body (except for a general 
congestion attributable to circulatory failure) appeared normal. These authors 
suggested that the high concentration of QO, irritates the endothelium of the 
pulmonary capillaries so that it lets through everything in the blood plasma ex- 
cept the cells. Another change noted by these investigators was that white rats 
kept in O» in concentrations of 65 per cent and up had a patchy yellowing of the 
fur. 

Pflesser (1937) reported that mice breathing O in concentrations of 86 to 92 
per cent at atmospheric pressure died in about 35 to 45 hours; cats exposed to Oz 
in concentrations of 93 to 97 per cent died in 70 to 86 hours. The cause of death 
was failure of the heart and circulation and edema of the lung with pleural exu- 
date. Orzechowski and Holste (1938) concluded from experimental studies, that 
the minimum lethal O, concentration for the rat was determined in large part by 
the total air pressure—an observation which points to the possible danger of 
making quantitative inferences concerning the effects of O2 percentage from com- 
pressed air data. Clamann and Becker-Freyseng (1939) conclude from animal 
experiments that inhalation of O. rich atmospheres containing more than 60 per 
cent O, at atmospheric pressure leads to the death of the animal in hours or in a 
few days and that the cause of death is primarily lung pathology due to the action 
of O-. and not to any contaminations in the gas. 

Armstrong (1938) states that breathing pure O2 has caused fever within six 
hours in both man and experimental animals. His animals developed pneumonia 
in from 12 to 36 hours of exposure to O, at atmospheric pressure and died in an 
average of 72 to 90 hours of exposure. The pathology was essentially that as 
described by earlier investigators—irritation of the respiratory tract with con- 
gestion, edema, pneumonia and death. Experiments were also performed in pure 
. O. at decreased barometric pressures. In O, at pressures equivalent to from 0 to 
5000 feet altitudes (i,e., from 760 to 625 mm. Hg) the animals (rabbits) appeared 
normal for 12 to 24 hours, there then occurred a slowing and deepening of respira- 
tion. Evidence of air hunger became progressively more pronounced and death 
occurred at zero altitude pressure in an average of 84 hours, and at 5000 feet alti- 
tude pressure in an average of 156 hours. The lungs at autopsy were liver-like in 
appearance and consolidated; the pleural cavity contained a small amount of 
colorless fluid; there was edema with leucocytes present and capillary engorge- 
ment; the large blood vessels were dilated and contained much serum. At 10,000 
feet altitude pressure (513 mm. Hg) a few of the animals developed symptoms of 
air hunger on about the sixth day and died between the eighth and tenth days; 
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the animals exposed to from 20,000 to 30,000 feet altitude pressures showed no 
abnormal behavior and no pathology; at 50,000 feet altitude pressure the animals 
succumbed in about three minutes and these at autopsy showed death occurred 
from suffocation. Having made these observations, Armstrong concluded, 
“From this it is evident that pure oxygen should not be administered below an 
atmospheric pressure of 456 mm. Hg (13,465 feet).”” This tension of Os, it will 
be noted, is just 60 per cent of one atmosphere, a concentration which has been 
considered for some time as the upper limit of safety in prolonged therapeutic 
administrations. 

Binet and Bochet (1938) and Binet, Bochet and Bryskier (1939) observed that 
guinea pigs exposed to O: in concentrations of 96 to 98 per cent at first tolerate 
the O, without much change, but there is a tendency to lethargy and a torporous 
state, alternating with periods of activity; secondarily, the torpor is accentuated, 
anorexia is common and the animal curls up in a ball; respiration becomes dysp- 
neic and the animal soon dies of asphyxia. The lungs show desquamation, con- 
gestion, thickened alveolar walls, leucocytic and eosinophilic infiltration, and 
there is generalized congestion. In continuous administrations of O, the toxic 
action appears in a relatively short time, but with intermittent inhalation the 
survival is much prolonged. The authors conclude that continued breathing of 
O2 has a definite toxic action which is manifest by respiratory, biochemical, 
hematologic, and histologic reactions and eventually by death. They too, main- 
tain that a concentration of 60 per cent at atmospheric pressure is the upper limit 
for safe administration of O, therapeutically. 

The findings of Rehbock et al. (1940) emphasize further the lung pathology 
arising from exposure to increased concentrations of O. (80 to 85 per cent) at 
atmospheric pressure. Among their findings in animals dead on the 4th and 7th 
days of exposure were “generalized intra-alveolar and perivascular exudate; 
in animals dead on the 14th and 16th days of exposure, severe suppurative bron- 
chitis with varying degrees of bronchiectasis . . . large areas of bronchopneumonia 
characterized by a dense intra-alveolar exudate of polymorphonuclear leu- 
cocytes.”” They further observed, ‘“The arterioles and smallest arteries showed 
no definite changes except for slight thickening of the walls of an occasional vessel 
or occasional foci of hyaline change. There was a condensation of new adult 
connective tissue around the adventitia of the large arteries. ... Three animals 
exposed for twenty-eight days and dead on the thirtieth and forty-first days, 
showed extensive broncho-pneumonia with abscesses, bronchiectasis, and 
emphysema. The arteries and arterioles showed only the slight changes seen in 
previous animals.” Such data suggest that death from prolonged exposure to Oz 
may be caused not only by acute edematous changes and characteristic ‘‘pneu- 
monia”’ which result in asphyxia, but possibly also by exacerbation of pathologic 
processes—particularly those of suppurative character—previously resident in 
_thelung. On the other hand the experiments of Marcheaux (1943) on rats indi- 
cate that previous damage induced in lungs by vagotomy does not augment the 
susceptibility of those lungs to the adverse effects of O» tension. 

Bennett and Smith (1934) described progressive sclerotic changes, thickening, 
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narrowing and hyalinization in the pulmonary arterioles and arteries of rats, 
commencing as early as the third day of exposure to compressed air at 3040 mm. 
Hg (O, equivalent 83.6 per cent at atmospheric pressure). The changes appeared 
to these authors to be similar to the renal arterial lesions seen in patients dying 
of malignant hypertension. Dilatation of the right ventricle found in their ex- 
perimental animals was attributed to the pulmonary vascular lesions. These 
changes were considered as having been caused by the increased O» tension. 

Rehbock, Oldt and Dixon (1940), however, found no indication of any sclerotic 
changes in animals exposed to O,. at from 80 to085 per cent for periods of from 4 to 28 
days. The perivascular. fibrosis described by Bennett and Smith (1934) and 
Smith, Bennett, Heim, Thomson and Drinker (1932) in the compressed air ex- 
periments was found, but no medial or intimal changes were observed. A very 
definite right ventricular hypertrophy was demonstrated in animals on which 
autopsies were made 7 to 41 days after the beginning of the O2 exposures; a less 
significant right ventricular hypertrophy was present in the animals 7 to 14 
months after the exposure. The examination of animals after survival periods 
of from 7 to 15 months likewise showed no noteworthy changes in the arteries or 
arterioles except for a possible increase in the collagenous tissue of the adventitia 
in larger vessels. 

Paine, Lynn and Keys (1941) have contributed still further confirmation of 
the damaging effects on breathing O, in high concentrations. In a series of ex- 
periments on 49 dogs they found that definite pulmonary changes resulted from 
breathing O2 in concentrations of 95 to 100 per cent at atmospheric pressure for 
periods as short as two hours. One dog died after only six hours of exposure and 
at autopsy showed the typical pulmonary pathology, but the average duration of 
survival in concentrations of from 95 to 100 per cent was 39 hours. These ex- 
periments demonstrate again the wide individual variation in susceptibility to the 
action of O.. Oxygen concentrations of from 75 to 90 per cent produced pa- 
thologic changes similar to those seen in the 95 to 100 per cent concentrations, 
but the time of onset was more delayed. Occasional interruption of Op» ad- 
ministration delayed the onset of toxic symptoms and prolonged the period of 
survival. The symptomatology and pathologic findings reported by Paine et al. 
are in agreement with those of earlier investigators but they also included cyanosis 
of the muscles and abdominal viscera, gaseous distention of the stomach and in 
some cases there was a marked atrophy of the hepatic parenchyma in the central 
part of the lobules said to be comparable to that seen in right heart failure. 

Definite pathologic lesions were found even in exposed animals which had 
shown no symptoms of the damaging action of O.—an observation of interest in 
relation to the use of high concentrations of O2 in therapy. The authors say, 
“Tt is not impossible that most or all of the pathologic changes, which we have 
observed, might be explained by an hypothesis of deranged vascular physiology.” 
While the number of animals used in this investigation contribute in large 
measure to the value of the experimental results, it is perhaps to be regretted that 
no mention has been made of controls which Karsner (1916) found were so very 
important in pathological studies of O, poisoning in laboratory animals. The 
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CO; content of the respired air in these experiments varied between 0.2 and 2.0 
per cent of an atmosphere. 

Kaunitz (1942) reported that subjecting mice to pure O» at atmospheric pres- 
sure for two or three days results in myocardial lesions consisting of ‘‘marked de- 
generation and fragmentation of the muscle fibres, some of which show granula- 
tion and loss of striation. Capillary dilatation presumably due to congestive 
heart failure is also to be noted.’’ It was maintained that while at first the O. 
reaches the alveoli with ease, the bronchi later go into spasm, become filled with 
mucus and so obstruct the air passages that the resulting decrease in intra- 
alveolar pressure causes the alveoli to collapse; the experimental evidence of this 
sequence of events is not presented. The myocardial lesions were said to be 
caused by the anoxemia consequent upon the pulmonary lesions. The number of 
animals examined and the condition of the controls, if any, were not stated. 
Pichotka (1941) and Liebegott (1941) also reported cardiac pathology including 
leucocytic and lymphocytic infiltration, and necrosis of muscle fibers, and at- 
tributed this to hypoxemia arising from the lung damage induced by the On. 
Rehbock et al. (1940) found ventricular hypertrophy in dogs exposed to 80 to 85 
per cent Os. 

Marechaux (1943) described pathological changes in rat lungs as a result of ex- 
posure to O, in concentrations of 81.5 per cent; in addition to the more usual 
changes previously described there was edema of the blood vessel walls (gefas- 
zwandédem) and border striations (randstreifen) in the alveolar walls which the 
author suggested were comparable to the “Quellungs Nekrosen der Alveolar- 
wiinde”’ previously described by Liebegott (1941), Clamann, Becker-Freyseng 
and Leibegott (1942). Pichotka (1941) had also noted this ‘‘Quellungs Nekro- 
sen’’ in addition to other pathology and pointed out that the lung picture was 
similar to that of phosgene poisoning; pneumococci type X were also observed. 
Behnke and Willmon (1941) describe what they believe to be a new clinical entity 
of delayed pain, congestion and hemorrhage in the middle ear following QO, in- 
halation during high altitude pressure changes; these effects which develop chiefly 
during sleep have been attributed by the authors to a reduction in the middle ear 


n summary then the more outstanding pathology as revealed by tissue ex- 

ination would include the following: inflammation, congestion, edema, 
atelectasis, fibrin formation and consolidation in the lungs; pneumonia of various 
types, bronchitis with bronchiectasis; hypertrophy, hyperplasia, desquamation 
and degenerative changes in alveolar cells; sclerotic changes with narrowing, 
thickening and hyalinization of pulmonary arterioles; dilatation of the right or 
both sides of the heart; cardiac hypertrophy and cloudy swelling; congestion of 
abdominal viscera with cloudy swelling in the kidneys; splenic contraction and 
testicular degeneration. The long accumulation of experimental data leaves 
little question but that continuous exposure to O, in concentrations above 60 to 70 
per cent at atmospheric pressure for from 12 to 14 hours or even less, results in 
pathological changes particularly in the lung, and that if exposure is further pro- 
longed these changes frequently prove fatal. The onset of the noxious effect on 


om resulting from the absorption of the contained QO». 
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man may be more delayed than in other animals, but there is good reason to be- 
lieve that the human animal is similarly affected. (See section on noxious effects 
of O. at atmospheric pressure and O- therapy.) 

— Acclimatization and Tolerance. Campbell (1927) observed adecrease in breath- 
ing of as much as 30 per cent in animals exposed to an O, rich atmosphere. It 
was claimed that this change in ventilation together with an observed decrease 
in both the hemoglobin per cent and R.B.C. count, constituted a mechanism by 
which the organism attempted to acclimatize itself to the high O, tensions. It 
was further suggested that vascular changes and a shift in the dissociation curve 
of hemoglobin might also contribute to this acclimatization whereby an excess 
uptake of O2 by the tissues might be prevented. These mechanisms, however, 
quite evidently did not succeed in holding the O, level of the tissues at their 
normal values, for both the O, and the CO, tensions of the tissues were found to 
be increased as a result of breathing the hyperoxygenated air. When the ani- 
mals were returned to normal air there was hyperpnea and a distinct drop in the 
tissue CO, tension—a reaction which was interpreted to mean that now the O, 
tension of normal air was insufficient normally to sustain the O» acclimatized 
animal. In any case this post-exposure hyperpnea indicates that during the ex- 
posure to the hyperoxygenated air there had been some adjustment to the O2 
enriched air which was incompletely or slowly reversible, and the fact that the O. 

- concentration employed was distinctly less than that which it is generally agreed 
causes lung changes, would localize this acclimatization to some tissue beyond the 
lung membranes. Campbell suggests that the hemoglobin-forming organs are 
regulated by the O, tension, but Karsner’s (1916) examination of blood and 
tissues, including that of bone marrow, revealed no evidence in support of that 
suggestion. 

Vn their entirety, the reports on red cell and hemoglobin content of the blood 

dly justify a conclusion that there is any one predominant adaptive response 
in the hematopoietic system to breathing O, or hyperoxygenated air; on the other 
hand the consistent finding of a decrease in red cell size and a common, though not 
invariable, leucocytosis, is highly suggestive of the operation of some more or less 
universal adaptive mechanisms which affect the cellular characteristics of blood. 

Smith (1899) suggested that the pulmonary pathology induced by exposure to 
O. might act as a protective barrier against the entrance of too much QO: into the 
blood. Such changes have been referred to by some authors as an ‘‘acclimatiza- 
tion,””—perhaps a misuse of the term, since those changes commonly prove fatal 
during the animal’s sojourn in O, or after its return to normal air. 

Barach (1926) in an attempt to determine whether the lungs might be capable 
of acquiring some degree of acclimatization or immunity to the injurious effects 
of O- in high concentrations, subjected rabbits to a gradually increasing O, con- 
centration from 21 per cent to 85 per cent, or to a maintained high O» percentage 

| just below toxic concentrations. No evidence of acclimatization was obtained; 

subsequent exposure to O:2 in concentrations of 80 to 85 per cent invariably pro- 
duced a serous pneumonia. 
Boycott and Oakley (1932) observed that if rats, dyspneic from an exposure to 
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O» at increased concentrations were brought into ordinary air, many of them died 
within half an hour, “Their pulmonary condition is evidently such that they 
can survive only in high concentrations of oxygen.”’ The survivors of O2 ex- 
posure experiments continued to live normally in 95 per cent O2 for some time 
though they were still liable to die on coming into air, but after about a month or 
six weeks they began to deteriorate. ‘“They become peeky, deteriorate in morale 
and do not clean themselves, lose their appetites, waste and die, and in this se- 
quence of events there is much individual variation. They do not become 
anaemic and at post mortem there is no obvious cause of death, though in one or 
two instances there has been a small pleural effusion.”” Controls living for longer 
times under exactly the same conditions in 50 to 55 per cent Oz remained well. 
The authors refer to this post-exposure deterioration as ‘‘chronic O2 poisoning.”’ 

That changes take place in an animal as a result of exposure to O: enriched air 
which are not readily reversible when returned to normal air is shown again in the 
experiments of Binger, Faulkner and Moore (1927); a rabbit exposed to 70 per 
cent O2 at atmospheric pressure for three days had a convulsive seizure and died 
when it was taken from the O. chamber and replaced in room air. 

Smith, Heim, Thomson and Drinker (1932) and Smith, Bennett, Heim, 
Thomson and Drinker (1932) maintain that acclimatization or adaptation takes 
place in the lungs of rats on prolonged exposures to increased O» concentrations. 
By the fourth day of exposure to compressed air at 3040 mm. Hg (an O: equiva- ° 
lent of 83.6 per cent of one atmosphere) they found pronounced symptoms of O, 
poisoning, anorexia, loss of weight, respiratory embarrassment, hyperpnea and 
cyanosis, in rats over three months of age; 13 per cent succumbed. The surviving 
rats showed improvement by the sixth day although there was still anorexia and 
weight loss, but the animals of this group sacrificed for autopsy, showed that the 
pathological changes found in the third and fourth day rats, were missing. 
Young rats (under three months of age) showed a depression in normal growth 
rate, but appeared to be unaffected otherwise. 

After 72 days of exposure, decompression to atmospheric pressure was carried 
out; 28 per cent of those still alive at the end of the 72 day exposure died during, 
or within twenty-four hours after, their return to normal air pressure and at 
autopsy all of these showed severe lung damage, particularly broncho-pneumonia. 
The survivors of decompression showed no signs of O2 poisoning when, after a 40 
day interval in normal air, they were re-exposed to compressed air; and only 2 
in a litter of 8 born during the second exposure died, whereas during the first 
exposure all of 9 litters born, died. The absence of any fatalities on decompres- 
sion from this second exposure to compressed air is in contrast with the high 
mortality (28 per cent) on decompression from the first exposure. It may be 
noteworthy, however, that the first exposure was seven times longer than the 
second. The authors interpreted their results as evidence that during the first 
exposure there had developed an increased resistance to the toxic effects of O2 
which was of the nature of a permanent adaptive change. 

The essential feature of this adaptive reaction was described as a pulmonary 
change, characterized by hypertrophic and hyperplastic alterations in the pul- 
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monic capillary bed and in the properties of the alveolar cells. The thickening 
and increased ‘‘cellularity’’ of the alveolar walls was similar to that found in 
normal non-exposed rats under 3 months of age. It was thought that this pe- 
culiar morphology, considered as having been developed in the adult rats by Oz 
exposure, but normally present in young rats, was the cause of the greater O» 
resistance observed in the adult adapted, and in the young unadapted rats. If 
this interpretation be correct, one may perhaps with reason ask why all of nine 
litters born during the first exposure to compressed air succumbed; unless, of 
course, the peculiarly resistant morphology is absent in very young lungs. 

This evidence presented by Smith et al. (1932) does unquestionably suggest 
there is some pulmonary adaptation to increased concentrations of O2. But the 
high mortality met with in the process of its development (13 per cent early in 
exposure and an additional 28 per cent on return to normal air) indicates that this 
adaptive response is either absent in many individuals or that there is a very wide 
variation in its effectiveness; some of the data may perhaps be also interpreted as 
a reflection of a selective process. The recognized wide individual variation in 
susceptibility to O2 poisoning, the pathological findings in so-called normal ani- 
mals (Karsner, 1916) and the fact that practically all those rats which suceumbed 
showed broncho-pneumonia, might well imply that a selective process was opera- 
tive and that possibly the toxic action of O2, superimposed upon a pre-existing 
sub-symptomatic pathology was the cause of death. Since, however these ex- 
periments were carried out in compressed air, rather than in O, or hyperoxy- 
genated air at atmospheric pressure, some degree of reservation may be called for 
in assuming that the results are attributable solely to the increased O: tension. 

Nelson and Gowen (1930) reported that the incidence of ‘“‘spontaneous’”’ pneu- 
monia in rats increases with age up to one year, at which time about 75 per cent of 
the animals are affected; in young animals, less than three or four months old, the 
occurrence of pneumonia was relatively infrequent. This again suggests the 
possibility that the greater resistance to O2 poisoning observed by Smith et al. 
in rats under three months of age might have been due to an absence of pre- 
exposure lung pathology in their young animals. The surprisingly extensive in- 
volvement of the lungs necessary to induce any symptoms of pulmonary pa- 
thology in rats (Griffith and Farris, 1942) emphasizes the impressively wide 
margin of safety provided in the lungs and the danger, where autopsies are not 
performed, of assuming that an absence of signs or symptoms is indicative of 
either an immunity to the effects of increased O: tension or an absence of pul- 
‘monary damage induced by Ok. 

Rats advanced in pregnancy were reported (Smith et al., 1932) to be more sus- 
ceptible to O. poisoning in compressed air than non-pregnant, owing, it was 
thought, to encroachment upon the thoracic cavity by the gravid uterus, but 
Ozorio de Almeida (1934) found that pregnant rats were no more susceptible to 
the toxic effects of O. at high barometric pressure than the non-pregnant. 

Evidence has already been cited that exposure to O, at increased tension de- 
presses metabolism. Such a reaction in itself might conceivably be interpreted 
as a protective or adaptive response and suggests that an organism’s basal 
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metabolic rate may be intimately concerned with its susceptibility to the adverse 
effects of O2 at increased tensions. Evidence that this is so is found in several 
reports. Faulkner and Binger (1927) observed that raising the temperature of 
turtles increased their susceptibility to the adverse effects of prolonged breathing 
of O, enriched air at atmospheric pressure, and Campbell (1937) noted a similar 
effect of increased temperature in mammals. 

Clamann and Becker-Freyseng (1939) maintain there is an inverse relationship 
between the size of an animal and its susceptibility to the deleterious action of 
O2; and this, it is claimed, is related to the lower metabolism of large animals in 
terms of their body surface. Binet, Bochet and Bryskier (1939), however, 
found that in O, concentrations of 90 per cent at atmospheric pressure, mice sur- 
vived longer (140-150 hrs.) than guinea pigs (60-70 hrs.). Ham and Hill (1906) 
and Hill (1912c) likewise reported that small animals are not more susceptible 
than large. Thompson (1889) found the monkey was affected before the pigeon, 
and the dog before the guinea pig. Smith (1899) found no relationship between 
the size of the animal and its susceptibility to O2 poisoning. Nor does the data of 
Soulie (1939) concerning the species’ susceptibility show any distinct relationship 
between size and survival in O2 exposures; mice survived as long as rats. 

It has been widely accepted that basal metabolism decreases with the approach 
of maturity, in man and other animals (Magnus-Levy and E. Falk, 1899; Aub 
and DuBois, 1917; Kise and Ochi, 1934; Matson and Hitchcock, 1934; Lewis, 
1938; Davis and Hastings, 1934; Benedict and Macleod, 1929; Kibler and Brody, 
1942; and others). If then there is a direct parallelism between the susceptibility 
of an animal to the adverse effects of O. and its basal metabolism, young im- 
mature animals should be more affected by O2 than older full grown animals but 
this is contrary to the findings of Smith et al. (1932) in rats and those of Thomp- 
son (1889) and Binet, Bochet and Bryskier (1939) in pigeons. Paine et al. (1941) 
observed however that young pups were just as susceptible as full grown dogs. 
The factors of growth and immaturity no doubt introduce some peculiar influence 
which further complicates the relationship between body size, metabolism and 
susceptibility to the toxic action of Oo. 

Interestingly enough Benedict and Macleod (1929) claimed that the generally 
accepted interpretation that the metabolism of smaller animals is greater than 
that of large animals is erroneous; they found that in terms of surface area the 
metabolism of the white rat is actually less than that of man. But Dubois (1929) 
maintained that little animals have a higher metabolism and respiration per unit 
weight than large animals so that their tissues should become more rapidly satu- 
rated with the respired gas. Since there is some disagreement among authorities 
concerning the relationship between body size, inherent metabolism and the best 
method of expressing that relationship, especially where different classes and 
species are concerned (Krogh, 1916; Benedict and Macleod, 1929) it would ap- 
pear wise to exercise caution in the interpretation of differences in susceptibility 
to Os, on the basis of reported differences in basal metabolism. If small animals 
are more susceptible than large, perhaps a greater rapidity of blood circulation is 
causally involved in addition to possible differences in metabolism. 
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Soulie (1939) reported that when animals are exposed in alternating periods of 
24 hours’ duration to normal air and to O: in high concentrations (90 to 100 per 
cent at atmospheric pressure) there occur no indications of any physiologic 
disturbance or O2 poisoning; but if after about six weeks of such treatment the 
animals are continuously exposed to the increased O2 concentration they react 
and die just as untreated animals do. If, however, continuous inhalation of high 
concentrations of O2 at atmospheric pressure be carried to the point of appearance 
of pulmonary symptoms and this is repeated intermittently, the resistance of the 
rat to O» poisoning can be augmented. It was also maintained that a similar 
augmentation of resistance to increased O: per cent can be accomplished by in- 
halations of sublethal concentrations of disphogene but guinea pigs do not develop 
tolerance by these methods as well as rabbits. 

The report of Rehbock, Oldt and Dixon (1940) is of interest in relation to the 
question of adaptation. These investigators found that rats, dead on the fourth 
day of exposure to O, in concentrations of 80 to 85 per cent at atmospheric pres- 
sure, showed the characteristic pulmonary pathology (‘‘fibrinous pneumonia’’) 
arising from such treatment; those animals dead on the seventh day of exposure 
showed the same but less severe damage. In animals dead on or after the 
fourteenth day of exposure these changes were absent although there was other 
pathology present. ‘The diminishing severity of the “‘fibrinous pneumonia”’ with 
prolongation of exposure may be variously interpreted; it may represent a pro- 
gressive development of pulmonary resistance or acclimatization to the toxic 
action of Os, or again it may indicate simply a selective action of the toxicity for 
the more susceptible individuals. 

The best explanation for those respiratory difficulties so frequently experienced 
by animals on their return to normal air after a prolonged exposure to Oz or 
hyperoxygenated air at atmospheric pressure and which with some stretch in the 
meaning of the term might be considered a manifestation of ‘‘acclimatization,”’ 
would appear to lie in the pulmonary pathology which such exposure is known to 
produce. Certainly the changes in hemoglobin and red cell content of the blood 
mentioned above could hardly account for the post exposure respiratory difficul- 
ties. There is, however, another possible contributor less obvious than that of 
lung damage which may deserve some consideration, namely, an alteration in 
fundamental enzymatic processes in the tissues. The impressive evidence that 
increased tensions of O2 inhibit and evenly irreversibly damage some of the 
respiratory enzymes provides reasonable basis for the speculation that such 
enzymatic changes may contribute not only to acclimatization, but also to the 
post-exposure reactions. The report of Boycott and Oakley (1932) cited above 
that animals deteriorated and died of ‘‘chronic O:2 poisoning”’ without showing at 
autopsy any obvious cause of death is of interest in this ‘connection. 

The reports that patients to whom O: or hyperoxgenated air has been ad- 
ministered therapeutically, occasionally have difficulty in readjusting to ordinary 
air, constitute further argument that some adaptive changes of slow reversibility, 
similar to that occurring in experimental animals, and quite aside from pulmonary 
alterations, are evoked by the O2 treatment. Armstrong (1939) observed that 
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animals which had shown symptoms of pneumonia as a result of exposure to pure 
O2 at normal or reduced barometric pressures died almost immediately when re- 
moved to normal air. This was interpreted as due to an alteration in the diffu- 
sion of O2 consequent upon the pulmonary inflammation induced by the O, and 
led Armstrong to suggest that pneumonia patients receiving O, therapeutically 
should never have the O2 supply stopped suddenly. 

Additional evidence that the return to breathing normal air after exposure to 
OQ. at one atmosphere causes some disturbance is found in the report of Behnke 
et al., (1934) that while a subject felt well during the inhalation of O2 he ex- 
perienced substernal discomfort and coughed during the first half hour after his 
return to normal air. It has also been occasionally observed that after long 
periods of O2 administration in anesthesia, a sudden removal of the mask is fol- 
lowed by profound circulatory disturbances, particularly an extreme drop in 
blood pressure. These effects imply a lag in reversibility of adaptive changes 
other than pulmonary. Waters (1942) questions whether such disturbance 
might not represent the inability of the organism to readjust immediately to the 
normal biochemistry of blood and tissues which have become accustomed to high 
tensions of O2 and COs. 

NOXIOUS EFFECTS OF O2 AND THERAPY. Some of the early advocates of the use 
of O2 for therapeutic purposes (Priestley, 1775; Beddoes and Watt, 1796; Bed- 
does, 1797) recognized that breathing pure O2 might cause lung damage. This 
recognition exerted a damping influence on the therapeutic use of O2 which, since 
Priestley’s announcement of its possible salubrious action, had been carried to 
extremes not only by charlatans but also by physicians of better repute. 

The first flush of enthusiasm for O, therapy had about died down by the end of 
the first decade of the 19th century, but there was a distinct resurgence some forty 
years later, so that shortly after the middle of the 19th century, O2. therapy— 
or its handmaiden, compressed air therapy—had been reported as successful, 
sometimes fantastically so, in the treatment of practically every one of the 
maladies to which human flesh had fallen heir. This revival of O, therapy was 
particularly evident in England (Birch, 1859); and in France, Demarquay (1866) 
expressed astonishment that in spite of its beneficial effects described by Beddoes 
(1797) and others, O, ‘‘should have been abandoned as a curative means’”’ and 
treated as a dangerous gas because of its activity in chemical combustion. 

The value of O2 as a means of combating hypo-oxemia was early recognized 
and its use in the treatment of pneumonia advocated (Beddoes, 1797; Golden 
1866; Brunton and Prickett, 1892; Brunton, 1912; Hill, 1912and others). Cabell, 
(1874) described several cases in which the administration of pure O2 had been a 
life-saving measure and recommended its use even though he stated: “In general 
the use of the gas is héld to be contra-indicated in the presence of acute inflam- 
mation.” He agreed with Smith (1870b) who maintained that ‘““When respira- 
tion is seriously interfered with, the danger from this source outweighs all risk 
from any possible increase of the inflammation which the use of oxygen may oc- 
casion.”” The method of O, administration at that time however was not one of 
continuous exposure for prolonged periods so that chances of injury from O2 
were very remote as were also, in many cases, possibility of benefit to be derived. 
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Fauntleroy (1916) reported that O2 treatment in injuries from chlorine and 
bromine gas was distinctly beneficial. Haldane (1927) recommending O, for the 
relief of anoxemia arising from gas poisoning in World War I, cautioned that in 
some cases it might cause further damage in a lung already inflamed. 

Stadie (1919, 1922) emphasized the relationship between the degree of hypo- 
oxemia and the mortality in pneumonia. His construction of an O2 chamber for 
the treatment of this condition by O: in concentrations up to 65 per cent at at- 
mospheriec pressure represents one of the more careful and consistent studies 
made in this country on the application of O2 in therapy. The consensus of 
opinion then and in the years following was that continuous exposure of an in- 
dividual to O2 in concentrations much above 60 per cent at atmospheric pressure 
may lead to adverse and deleterious effects on the lungs. 

In support of that opinion there has since accumulated the considerable volume 
of evidence from animal experimentation mentioned above. Barach (1926, 
1934) from his own experimental animal studies and from practical clinical ex- 
perience has maintained over a period of years that ‘Very rich oxygen mixtures, 
such as those between 80 and 100 per cent, have repeatedly been shown to produce 
irritant inflammatory lesions in the lungs when used continuously for two or 
three days or more, but concentrations under 70 per cent have no such influence. 
Furthermore, there is no demonstrable tendency to produce edematous changes in 
the lungs when atmospheres containing less than 70 per cent oxygen are em- 
ployed. The use of oxygen concentrations between 90 and 100 per cent in human 
beings for long continuous periods is entirely unwarranted by the present ex- 
perimental data.’’ DuBois (1929) maintained the optimum effect for O2 ad- 
ministration is 40 per cent. Richards and Barach (1934) found that living for 
one week in an atmosphere containing 45 per cent O2 caused no indication of ir- 
ritative action on the lungs of two normal young men. 

Boothby (1932) likewise has long cautioned against the use of O2 in the higher 
concentrations and states that Oy» ‘‘in excess of 450 mm. corresponding to 60 per 
cent at sea level should be rigorously avoided.” : 

The fact that some patients who have died of pneumonia in spite of O, ad- 
ministration have shown more extensive lung damage than those dying without 
O. treatment, might seem to indicate that such treatment was the cause of the 
extension, but Boothby (1932) accepts Robertson’s (1932) suggestion that such 
results may also mean that the O, treatment prolonged the life of the patient so 
that the pneumonia was able to progress to more advanced stages. Moersch 
(1937) recommends the use of O2 in concentrations of from 30 to 60 per cent and 
maintains that concentrations above this offer no additional value and actually 
may be harmful if used for any length of time, due to the irritative action on the 
lungs. 

Evans (1927) argued that there was no proof that a normal individual is harmed 
by breathing O, in concentrations as high as 80 to 100 per cent for one or several 
days. He also maintained that the data from research done on normal animals 
are not applicable to animals or men suffering from diseased conditions of the 
lungs. The work of Karsner (1916) however emphasized the fact that a large 
percentage of so-called “normal” experimental animals are actually suffering from 
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sub-symptomatic lung pathology; this would certainly indicate that the adverse 
effects of O2 are by no means limited to normal lungs and that animals with 
pulmonary lesions, as well as normal animals are adversely affected by, and may 
die as a result of, O2 exposure. 

It was further reported (Evans and Durshordwe, 1935) that O2 in concentra- 
tions of from 70 to 100 per cent had nothing but beneficial effects on the lungs of 
pneumonia patients and that O2 at 100 per cent administered for from one to four 
hours daily not only was without harmful effects but that it induced excellent 
therapeutic results. Considering the numerous investigations which had pre- 
viously demonstrated the relief of hypo-oxemia and the beneficial effects in pneu- 
monia induced by O2 administration, such results were only as might be expected. 

In view of the reasonableness of the use of O2 at high concentrations in many 
emergencies it is perhaps unfortunate that, to support his belief in the therapeutic 
use of 100 per cent Oz, Evans (1939) has maintained that those opposed to an in- 
discriminate use of 100 per cent O2 do so on the basis of what he calls the “healthy 
animal theory.” Perhaps the seemingly misleading implications of Evans’ 
argument may be sufficient excuse for its presentation here. ‘The healthy 
animal theory,” says Evans, “assumes that facts concerning human beings and 
the lower animals are interchangeable and that data obtained by experimentation 
upon animals would, therefore, apply to humans. This assumption is contrary 
to the facts, as there has never been any uniformity in the reaction of humans and 


the lower animals to drugs or other therapeutic agents. . . . The second part of 
the theory assumes that if a given dosage of oxygen is harmful to an healthy 
animal, it would also be harmful to an anoxemic patient. . . . Take, for example, 


the dosage of insulin required for the successful treatment of diabetic coma. The 
dosage in these cases far exceeds the safe dosage for normal individuals. . . . The 
third part of the theory assumes that the tolerance of healthy animals to oxygen 
represents dosage for the treatment of anoxemia.’”’ The argument is obviously 
spurious and the analogy of insulin dosage ill-chosen. 

The oxygen demands of an individual can be estimated with fair accuracy, and 
the O. needed to relieve a given O2 unsaturation in pneumonia and similar hypo- 
oxemic conditions may be readily determined. The dilemma in the O, therapy of 
such cases, then, is not the difficulty of determining the ‘‘dosage”’ of O2. needed but 
rather, how can the ‘‘dosage”’ be gotten across grossly defective pulmonary mem- 
branes and this without at the same time inducing injury. 

A significant point which Evans seems to have overlooked in his insulin analogy 
is that insulin—fortunately enough—is not given by pouring it into the lungs; if 
it were, the problem of insulin administration would be similar to that in O2 admin- 
istration and the question would be—How can the desired amount of insulin be 
gotten tothe tissues without injuring the pulmonary tissue or drowning the patient? 
The voluminous literature on O, therapy contains many reports of attempts to ad- 
minister O2 by various routes: O2 baths; colonic, vaginal, subcutaneous, intra- 
muscular, intravascular and intra-abdominal injections; the imbibition and 
enemata of highly oxygenated solutions, have all been tried—most of them more 
than a century ago—with the idea of by-passing the respiratory epithelium. As 
yet none of these attempts has been eminently successful. 
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Evans (1939) reported that in 1925 he had inhaled pure O: for four hours a day 
for several days without any apparent harmful effects. ‘‘This was done,” he 
says, ‘‘in order to find a safe dosage for the treatment of disease not complicated 
by anoxemia.” He has thereby demonstrated, notwithstanding his argument to 
the contrary, that he not only subscribes to, but has made practical use of, the 
“healthy animal theory.’”’ His claims, however, that the pneumonic lung has a 
higher tolerance for O2 than a normal lung because of the fever temperature and 
the attendant increase in metabolism, is contrary to the observation of Faulkner 
and Binger (1927) and of Campbell (1937a,b) that increase in temperature in- 
creases susceptibility to O2 poisoning. 

The relative harmlessness of breathing O2 in high concentrations for short 
periods would seem to be adequately demonstrated by the work of Benedict and 
Higgins (1911) and by the almost universal employment of pure QO» in routine 
basal metabolism measurements. Hill and Macleod (1912) and Adams (1912) 
reported that men suffer no ill effects of breathing O2 in concentrations of 80 to 90 
per cent for periods as long as two hours. Fine, Hermanson and Frehling (1938), 
applying Bert’s principle of washing out the tissue nitrogen by breathing pure O, 
to the removal of air and gaseous accumulations in body cavities, found no par- 
ticularly adverse effects from breathing O2 in concentrations of 95 per cent. 
Similarly Schwab et al. (1936) observed no pulmonary complications in en- 
cephalographic patients who had been administered Oz in similar concentrations 
for periods of 3 hours to facilitate the removal of entrapped air. Boland (1940) 
also reported that no pulmonary trouble was noted in interrupted administra- 
tions of pure O, to patients. The application of these principles to remove tissue 
nitrogen in attempts to prevent aeroembolism in aviation has also been widely ac- 
cepted as harmless. Behnke and Willmon (1941) found no adverse symptoms in 
man after breathing O: in concentrations of 99 per cent at atmospheric pressure 
for 17 hours. 

In recent years the urgency of the use of O: in altitude work has led to a re- 
evaluation of the effects of administering O2 in very high concentrations to man. 
Barach and Richards (1935), in contrast with the earlier firm conviction that the 
use of O2 in concentrations above 60 per cent (Barach, 1926, 1934) was dangerous, 
have modified the former view somewhat and now think that the use of O2 in 100 
per cent concentrations may be safe and desirable for short periods but that ‘‘the 
danger of oxygen poisoning resulting in pulmonary edema, which regularly occurs 
in animals exposed to concentrations of oxygen over 80 per cent for two to four 
days, should be a sufficient warning to prohibit the employment of 100 per cent 
oxygen to human beings for similar periods.”” Barach and Eckman (1941) point 
out that while the literature contains frequent reference to the use of 100 per cent 
O, it is not breathed as such in actual practice because of the dilution by small 
amounts of COs, rare gases, No, and water vapor. They agree that Oy in per- 
centages of from 80 to 100 per cent may be safely administered for periods of from 
16 to 24 hours, but think it wise subsequently to lower the concentration below 
70 per cent. 

Boothby has likewise discarded his former interpretation that the use of O» in 
concentrations above 60 per cent should be “‘rigorously avoided” and recently 
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stated (Boothby, Mayow and Lovelace, 1939) that 100 per cent O2 administered 
for 48 hours causes no signs of pulmonary irritation. These authors advise its use 
in a great variety of clinical conditions: “traumatic shock, abdominal distention, 
headache following encephalography, certain types of migraine, profuse pul- 
monary oedema, massive collapse of the lung, pulmonary embolism, angina 
pectoris, and some other cardiac conditions, infections due to anaerobic organisms 
such as those of gas gangrene and tetanus and possibly certain infections due to 
partially anaerobic organisms.’’ 

Armstrong (1938), having formerly cautioned against the use of O, at tensions 
greater than 456 mm. Hg, more recently reports (Armstrong, 1939) that the 
danger of the use of high O, concentrations has been overemphasized and says, 
**... recent clinical experience indicates that the human lung is more resistant 
[than animal lungs] to the irritative effect of pure O, and in a few cases it has been 
administered continuously for as long as five consecutive days without any ap- 
parent harmful effect.’ The drying and chapping of the lips, mouth and throat 
with occasional irritation extending down as far as the larynx and the hoarseness 
which has occurred not uncommonly in those using the plain O2 tube or the open 
O2 mask have been attributed to the dryness of the gas rather than to any effect of 
O, itself (Armstrong, 1939). This explanation is reminiscent of the charge made 
by Briining (1912) that the O, effects reported by Bornstein and Stroink (1912) 
were caused by the dryness of the gas rather than the O.—a charge which Born- 
stein (1912) later refuted. 

The present tendency to dismiss the possibility that O, in high concentrations 
exerts no significantly deleterious action on man, calls for a consideration of some 
of the indications that the human organism is not immune to the adverse effects 
of O2 in concentrations approximating 80 or 100 per cent at atmospheric pressure. 
Such evidence may be found a, in data from experimental exposures of men to 
pure O, or to hyperoxygenated air, at atmospheric pressure; b, in occasional re- 
ports of peculiar responses in patients or normal individuals to the shift from an 
atmosphere of air or low Oz to one of pure O2 or hyperoxygenated air; c, in reports 
concerning the effects of increased O, tensions in exposures to compressed air, 
although, as already stated, some degree of reservation is demanded in accepting 
such effects as those of O:2 alone. 

a. Adverse Effects of O2 or Hyperoxygenated Air, at Atmospheric Pressure on 
Man. Conclusive evidence that men may be adversely affected by breathing O» 
in increased concentrations at atmospheric pressure is presented in the reports of 
Behnke, Johnson, Poppen and Motley (1935) and of Behnke (1940). These in- 
vestigators found that one of ten men breathing O2 at from 96 to 99 per cent at 
atmospheric pressure became fatigued and had symptoms of bronchial irritation 
after 4 hours exposure; in another series one subject complained of substernal 
pain and toxic effects at the end of 6 hours’ exposure. Behnke and Willmon 
(1941) found that tests in which 99 per cent O2 at atmospheric pressure was em- 
ployed, frequently had to be terminated at the end of 6 hours on the subject’s 
complaint of substernal soreness, aggravated by deep inspiration; although 
auscultation and x-ray examination failed to reveal any alterations. The 
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authors maintained that the substernal distress points to the irritant property of 
pure oxygen and indicates pulmonary congestion and cardiac vasomotor spasm. 
It was further reported by these authors that impaired neuromuscular coordina- 
tion and the power of attention, or an increased effort to maintain these functions, 
occurred after 1 to 3 hours of exposure in 3 of 4 subjects tested; hyperpnea and 
symptoms of lung irritation, dry cough, substernal pain and a high leucocyte 
count were also observed. The authors concluded, however, that healthy men 
between the ages of 22 and 40 can breathe pure O, at one atmosphere with com- 
parative safety for 4 hours. 

Anthony (1940a) maintains that breathing O, causes no noticeable disturbance 
in healthy persons, but that careful studies show that an increase in partial pres- 
sure of O. above normal elicits responses in the human organism as consistently 
as does a decrease. Prolonged administration of Oz, especially if there is an as- 
sociated increase in air pressure, may cause severe or even fatal changes. 

Perhaps one of the most valuable and informative contributions concerning the 
effects of increased percentages of O2 at atmospheric pressure on the normal hu- 
man lung is that of Becker-Freyseng and Clamann (1939). These investigators 
exposed themselves to O» (90 per cent) at atmospheric pressure for a period of 65 
hours. On the second day of exposure the pulse frequency and vital capacity 
which had decreased initially were distinctly increased. There was also an eleva- 
tion in body temperature. Paresthesias appeared in both individuals, particu- 
larly in the finger tips, spreading from the middle finger, and on the following day 
involved the toes. One of the subjects (B) became ill and his vital capacity then 
diminished progressively; pulse rate and temperature continued to rise. Pain 
was felt in the knees and elbows. Dyspnea became apparent but auscultation 
revealed nothing abnormal. The objective and subjective effects progressively 
increased in both individuals. The electrocardiogram showed no abnormality. 
On removal from the chamber the x-ray revealed no lung changes in either sub- 
ject. The blood examination showed an increased R.B.C. count but the hemo- 
globin content was about normal. The leucocytes had increased—particularly 
in subject B in whom it had risen from 6200 to 12,700. Subject C felt well but 
the paresthesia persisted in both men for ten days. Subject B’s illness which had 
begun in the chamber became worse on removal; he vomited, complained of 
nausea and headache. The following evening he was taken to the hospital; the 
vomiting stopped the first night, but there was a distinct bronchitis with fever. 
There was fluid in the right thorax and signs of bronchopneumonia but the x-rays 
were still negative. Three days later the fever fell and he was discharged from 
the hospital on the eighth day. The vital capacity continued low until the sixth 
week. The paresthesia described by Becker-Freyseng and Clamann suggests 
that the numbness of the lips observed by Hill and Greenwood (1906) during 
their exposure to compressed air and described by them as a ‘‘false sense of 
anesthesia’ may very well have been an effect of the increased O, tension. 

The numerous reports of atelectasis among the autopsy findings of experimental 
animals exposed to O, finds a counterpart in the report of Waters (1942) that in 
the human lung, inactive portions more readily became atelectatic when filled 














46 JOHN W. BEAN 


with pure O, than when they are filled with air. The possible occurrence of 
atelectasis may constitute a hazard in the therapeutic use of pure O2 where for 
any reason a portion of the lung is not freely ventilated or where the O2 may be 
partially or completely trapped in, and subsequently absorbed from, the alveoli 
of that portion (see p. 147). 

b. The Response to a Shift from Air or Low Oz, to Pure O2 or Hyperoxygenated 
Air. The literature contains several reports that the shift to hyperoxygenated air 
following states of hypo-oxemia or low O2 administration has resulted in peculiar 
and untoward reactions which are difficult to interpret except as manifestations 
of an inability to adjust rapidly to the higher O, tensions, or to some adverse 
action of Oy itself. 

Barach (1941) has reported that patients who had suffered for some time from 
anoxemic conditions frequently showed profound mental disturbances lasting 
several days when subjected to O:2 in concentrations of about 50 per cent at at- 
mospheric pressure. One such patient whose arterial O2 saturation was only 55 
per cent and to whom 50 per cent O2 was administered reached a state of com- 
plete irrationality and delirium within one hour of the initiation of the treatment. 
Dill (1941) discussing these observations points out, however, that residents of 
high altitudes are not apparently affected adversely by their return to normal at- 
mospheres after having been acclimatized to low O. atmospheres. This suggests 
that perhaps the rate of change in gaseous composition of the air breathed may be 
involved. 

Schwarz and Malikiosis (1938) in altitude tolerance tests found that the sudden 
elevation of O2 tension after periods of hypo-oxemia resulted in deterioration and 
disorders of the subjects. Moody and Howard (1942) reported that O, ad- 
ministered by tent to a 2 year old child suffering pneumonia caused convulsive 
attacks. The first exposure was continuous for 48 hours, at the end of which 
time the patient was removed to room air, then returned to the O: at intervals 
for 6 days. There was original relief from the pneumonia but in one of the ex- 
posures the patient developed severe convulsions which involved the whole body, 
the temperature rose to 101° F. Removal from the tent resulted in cessation of 
the attack but dyspnea again developed necessitating the patient’s return to the 
tent in the afternoon; this precipitated another convulsion which stopped almost 
immediately on being removed from the tent. The O, concentration was in the 
neighborhood of 72 per cent. 

These observations are reminiscent of those made by earlier investigators whose 
reports would seem to have been dismissed as fiction. Birch (1859) using O2 
therapeutically observed that occasionally strange reactions were precipitated 
by breathing O2 which he thought were not explainable on a psychological basis. 
He describes these as ‘‘...a sense of constriction of forehead and temples; a 
feeling of weight over the centre of the parietal bones, and in the occiput; a rush 
of blood to the head; fullness, pain, or oppressive sensation in the nape of the neck 
and base of the brain; sudden faintness; palpitation of the heart; . . . violent reflex 
movements in extremities affected with paralysis of voluntary motion,...a 
state of unnatural excitement of the entire nervous and vascular systems, which 
has continued for successive days. ... The chief symptoms of a disturbing 
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character observed from pushing very large doses of the gas are, in thin anaemic 
persons, sudden or gradual disappearance of the pulse, pallor of countenance, 
coldness, and partial collapse; in the plethoric or sanguineous the reverse—viz., 
too-excited circulation; full bounding pulse; intense heat of head, face, and skin; 
severe, oppressive headache.”’ 

Smith (1870) likewise reported that breathing O. sometimes produced sub- 
jective responses such as a sensation of freedom about the chest, a feeling of 
warmth below the sternum, occasionally a slight degree of vertigo, a disposition 
to yawn constantly during inhalation and an inclination to sleep. Haldane 
(1917) reported that the immediate effect of suddenly administering high con- 
centrations of O2 to a cyanosed person was sometimes unpleasant as he had ob- 
served from experiments on himself and others. Under such conditions, he says, 
“The heart may become tumultuous in its action and thebreathing irregular. . . ,”’ 
and advised against too rapid addition of O, to the inspired air in cyanosed pa- 
tients. DuBois (1928) remarks that the symptoms of anoxemia curiously 
enough “are sometimes exaggerated when the subject receives oxygen and not in- 
frequently he acts like a drunken man.” 

The reports of untoward reactions to breathing O2 after exposure to low O2 
or after a prolonged period of anoxemia in disease, recall also the experiments of 
Haldane and Smith (1893) in which they found that subjects after rebreathing air 
in a chamber for several hours to a point where the CO, had reached 6 or 7 per 
cent and the O: had fallen to about 13 per cent, were nauseated, vomited, and 
suffered headache after their return to room air. Somewhat comparable effects 
were also noted in subjects after having been exposed to a gradual depletion of O-» 
where the CO, was kept low. 

Alexander, Duff, Haldane, Ives and Renton (1939) found that return to normal 
air or to pure O, after having been exposed to high CO: (6 to 7 per cent) for an 
hour, resulted in similar disturbances. It has been suggested (Haldane, 1941) 
that such nausea and vomiting may have been responsible for some deaths oc- 
curring in the use of submarine escape apparatus where the subject breathing a 
low O.-high CO2 atmosphere is suddenly exposed to pure air or concentrated Os. 
The vomiting, he says, can be avoided by purifying the air, or by breathing O, or 
pure air for some minutes before attempting escape; this would give time for the 
vomiting to occur if it is going to do so. 

The fact that such disturbances occur only on the return to normal air or to in- 
creased O-2 tension must represent a failure of the organism rapidly to readjust 
to the higher O, tension. But while such reactions are precipitated by the return 
to the increased O2 tension, they may perhaps be considered as the delayed effects 
of the CO, or low Os, rather than as adverse effects of the increased O, tension 
itself. The delay in the precipitation of the disturbances until after the return 
to normal air may then simply indicate that as a result of the gradual accumula- 
tion of CO, and the depletion of O2, medullary centers may have been depressed 
to a point where they become incapable of normal response; then with a rapid 
return to increased O, tension the reactivity of those centers recovers before the 
offending chemical state of the cells has been completely rectified. 

The fatigue commonly experienced after shifting from low O, to a higher O, 
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tension deserves special mention in this connection. The fatigue felt on the re- 
turn to normal air or pure QO, after breathing low O2 as described by Haldane 
and Smith, (1893) is highly suggestive of a persistence of some functional dis- 
turbance or organic damage sustained during the low O: exposure, the recovery 
from which is slow. Dill (1938), for example, points out that some of the C.N.S. 
effects of low O2 may be caused by an increased intracranial pressure arising from 
an altered capillary permeability which as Landis (1928) has maintained occurs in 
O2 lack. It is difficult to see how complete recovery from such conditions could 
occur immediately on return to normal air. Dill’s report emphasized the per- 
sistence of fatigue effects of low O2, although Horvath, Dill and Corwin (1943) 
observed no lasting harmful effects on the C.N.S. of schizophrenic patients after 
their exposure to anoxia severe enough to produce brief periods of unconscious- 
ness, 

In connection with the fatigue effects of low Oy it is of interest that Monge 
(1943) has emphasized again that sub-acute mountain sickness is a ‘fatigue dis- 
ease’’ and that exposure to high altitudes may change the capacity of the tissues 
to utilize O.. Monge et al. (1928), Edwards (1936), and Barron, Dill, Edwards 
and Hurtado (1937) have also suggested that in low O, exposures there is a failure 
in Oy, utilization by the tissues, particularly those of the C.N.S. and that this 
might be caused by a change in respiratory enzymes. 

Such alterations in enzyme mechanisms, especially where they are not im- 
mediately reversible, might help to explain some of the reactions precipitated by a 
shift from low O, to the higher O, tensions of normal air or pure Oz, and are there- 
fore pertinent to the consideration of those responses experienced following actual 
or simulated flights to high altitudes. Romano et al. (1943) found that syncopal 
reactions persisted for some time after an individual’s return to normal at- 
mospheric pressure following simulated flights to high altitudes (35,000 ft.) in 
decompression chambers. In some cases the severity of these reactions which 
continued for as long as 24 hours, actually increased rather than decreased when 
the higher O, tension of normal air was readministered. The question arises as 
to just how far these syncopal reactions and the well recognized post flight fatigue 
represent failure of the organism rapidly to readjust to a sudden shift to an in- 
creased O, tension after having been ‘‘acclimatized”’ to low O2 tensions. It has 
been claimed that post flight fatigue is due to “‘silent’’ aeroembolism (Behnke 
and Willmon, 1941; Behnke, 1942) but as Carson (1941) points out such an ex- 
planation, is without substantial support. Certainly the evidently complex 
etiology of post flight reactions (MacFarland, 1941) make it appear very unlikely 
that they can be attributed to any one single factor alone; the enthusiasm with 
which aeroembolism was first grasped as the explanation for so many of the re- 
sponses to high altitude conditions has not been justified by the experimental 
evidence. 

Low O: constitutes the predominant stimulator for the chemo-receptors of 
the carotid reflex structures (Gesell, 1940). A sudden increase in O, tension 
diminishes or even abolishes the reflex drive arising in this structure, possibly as 
the result of a shift toward the alkaline side induced by the release of Na from the 
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lactate ion; now, if at the same time the sensitivity of the central regulators, the 
adequate stimulus for which is predominantly CO, (Gesell, 1940) be depressed, 
for example by prolonged excess COz, low Oz, or anesthesia, breathing and other 
vital phenomena will be profoundly affected. Evidence that this is so finds sup- 
port in the work of Moyer (1941) in which it was pointed out that if anesthesia 
be of such level as to depress or abolish the response to CO, the administration 
of increased O, tension induces respiratory failure, and further that whenever 
artificial respiration is indicated during evipal or phenobarbital anesthesia, the 
gas mixture should not contain O, in concentrations of more than 40 per cent. 

c. Evidence of Adverse Effects of Increased Tensions of O2 from Exposures to 
Compressed Air at Moderate Pressures. Lorrain Smith (1899) was of the opinion 
that the increased O, tension of compressed air might play a part in the produc- 
tion of caisson sickness because he found some of the pathology of O2 poisoning 
present also in caisson sickness. This suggestion was dismissed by subsequent 
investigators who had become justly convinced that caisson sickness was caused 
for the most part by the release of nitrogen bubbles on decompression. ‘The deep 
diving and high pressure work of late years, however, has necessitated a recon- 
sideration of O, poisoning as a possible contributor to the reactions observed not 
only during the actual exposure to the increased air pressure, but also in the sub- 
sequent decompressions. 

It has become increasingly evident that it is unsafe to assume that because an 
increased concentration of O, at atmospheric pressure frequently exerts no ap- 
parent toxic action in short exposures, there would be a similar absence of effects 
with the same tension of O, in increased air pressure, where other variables are in- 
volved. For example, there is experimental evidence that the presence of CO, 
may be an important determinant in the action of O.. Even arelatively slight in- 
crease in the CO, tension, whether it be due to inadequate ventilation, an altered 
rate of diffusion or an upset in the CO, carriage by the blood (see section ITI be- 
low) augments the toxic action of O2. In addition to this there is the influence 
of the increased concentration of nitrogen. 

It is entirely unlikely that the increased O, tension in compressed normal air, 
even with the high pressures now frequently employed in deep diving, would of 
itself cause O. convulsions, provided the CO, were kept low and the exposure not 
unduly prolonged, but there is evidence that such increased tension of O2 can in- 
duce lung damage which may be partially or completely masked by the wide 
margin of safety provided in normal lungs. It has long been accepted (French, 
1916; Haldane and Priestley, 1935; Fraser, 1940) that broncho-pneumonia fol- 
lowing prolonged exposure to compressed air in deep diving has been caused by 
the increased O, tension in the neighborhood of 760 mm. Hg. 

But besides causing lung damage, O in high concentration alters the funda- 
mental oxidative mechanisms in the tissues and this, as is also true of the lung 
changes, is not always rapidly reversible. These possible O, effects induced by 
compressed air, even though they be sub-symptomatic during the exposure, are 
worthy of consideration in relation to the problem of decompression, particularly 
since End (1938) claims, “‘An explanation of compressed air illness based entirely 
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upon theories of bubble formation is not altogether satisfactory,” and an analysis 
of some of the experimental data presented by Behnke and Shaw (1937) con- 
cerning the use of O, in the prevention of caisson sickness strongly suggests that 
the problem of decompression is not always simply one of eliminating the forma- 
tion of nitrogen bubbles. 

The report of French (1916) illustrates the well known difficulty sometimes en- 
countered in the safe decompression of divers but it too suggests that part of that 
difficulty may be attributed to incompletely or slowly reversible changes induced 
by prolonged exposure to increased O, tension. Thus the conditions would ap- 
proximate those obtaining in animals which, after adaptation or ‘‘acclimatiza- 
tion” to pure O2 at atmospheric pressure, show distressing symptoms when re- 
turned to normal air—symptoms which can be largely relieved by the animal’s 
return to the O, atmosphere. The almost immediate improvement which com- 
monly results from recompression treatment in many cases of compressed air 
illness may be due, then, not simply to the dissolution of nitrogen bubbles, but also 
to the re-establishment of the abnormal environment which the “acclimatiza- 
tion” changes in the lung or in cellular oxidative processes require for tissue 
function. The inclusion of this possibility as a part of the explanation of de- 
compression difficulties does not, of course, detract from the importance of the 
usually accepted interpretation, viz., that of nitrogen bubble formation. 

The recompression chamber has become an indispensable adjunct to all deep 
diving operations and occasionally prolonged recompression treatments have been 
employed. Haldane and Priestley (1935) remarking on the difficulty on safe de- 
compression from compressed air, say it may sometimes be necessary to keep the 
patient in the recompression chamber for 24 hours or more. These long recom- 
pression treatments offer further suggestive evidence of adverse effects of O2 on 
man especially since “acclimatization” to the increased O, tension, unlike the 
disappearance of the nitrogen bubbles, will progress indefinitely so long as the 
high O, tension is maintained. While recognizing the advantages of recompres- 
sion treatment in compressed air illness, it would seem wise to keep in mind the 
possibility that prolonged exposure to the increased O2 tension in the recompres- 
sion chamber may also involve the disadvantages of augmenting the O, “ac- 
climatization.” This consideration is particularly apropos the use of pure QO, 
at increased pressure to facilitate the washing out of nitrogen from the body. 

Some of the cases of Shilling, Hawkins, Polak and Hansen (1935) in which com- 
pressed air illness was treated by recompression, are highly suggestive that 
pathology was induced by the increased O, concentration; for example, a diver 
suffering from compressed air illness was completely relieved by recompression 
to an air pressure of 75 pounds, but during the 294 minutes of the subsequent 
decompression he had a definite chill and began a dry unproductive cough which 
persisted after his removal from the chamber; his temperature was 102.4°F., 
pulse 108 and respiration rate 56 per minute. The x-ray examination showed ir- 
regular congestion in both lungs. The authors concluded: ‘“These findings are 
not typical of pneumonic consolidation but resemble more that of an irritation. 
. .. Diagnosis of ‘bronchitis, acute, condition considered to have been an irrita- 
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tive bronchitis’ was made, and after nine days in the hospital condition had 
cleared sufficiently for discharge.’’ Several factors may have been involved in 
the production of the pulmonary condition described, but the relatively prolonged 
exposure to an air pressure of 75 pounds which would be equivalent to 1.2 at- 
mospheres of pure O, together with the nature and time of the onset of the pul- 
monary symptoms make it more than probable that the increased O, tension was 
an important contributor to, if not the underlying cause of, the “‘irritative bron- 
chitis.”’ 

On the whole the evidence concerning the injurious effect of exposure of man to 
Oz in high concentration at atmospheric pressure is at present not very vo- 
luminous but there is sufficient to indicate that O, does cause pulmonary damage, 
although there is a wide individual variation in susceptibility. Apparently no 
human lungs have as yet come to autopsy as a result of prolonged exposure to Oz 
at atmospheric pressure so that no fair comparison can be made of the pathology 
induced in man with that so well demonstrated in the lungs of experimental 
animals. : 

Those who have argued the innocuousness of breathing O, in high concentra- 
tions have done so very largely because of their failure to observe any very 
pronounced symptoms of damage. It may be well, however, to emphasize the 
recognized fact that in most diseased conditions the initial pathology is sub- 
symptomatic and that not infrequently the pathology must extend beyond a wide 
margin of safety before symptoms are grossly manifest; certainly in the oxygen 
poisoning in experimental animals, lung pathology precedes, rather than follows, 
the occurrence of overt symptoms. This, as Paine et al. (1941) suggest, may be 
one reason why O, poisoning has not been observed more frequently in the thera- 
peutic use of high O, concentrations on man. 

There would seem to be no question but that continuous breathing of pure O, 
at atmospheric pressure for periods exceeding 20 hours is damaging to the human 
lung and that even for periods as short as 4 hours some individuals of greater 
susceptibility may show symptomatology of lung involvement. The danger of 
administering pure O, in therapy may, however, be very largely mitigated by 
occasional interruption of the exposure as indicated from the animal experiments 
of Soulie (1939) and Paine et al. (1941). Obviously the use of pure O, in higher 
altitudes is attended with much less likelihood of danger because of the lower 
barometric pressure. 

In summary it may be said that notwithstanding the present exigencies and the 
implication in some reports that continuous breathing of pure Oz is innocuous, 
the accumulated evidence from animal experiments (including those on man) 
indicate that continuous administration of pure O2 at atmospheric pressure, even 
for periods of a few hours’ is attended with danger of pulmonary damage in some 
individuals and therefore demands the exercise of caution. 

In addition to possible pulmonary injury, the administration of increased ten- 
sions of Oz, particularly in shifts from environments of low Oz, high COs, or both, 
is not infrequently attended by adverse reactions which are not readily attribut- 
able to any lung injury or irritation induced by Oz. These reactions may be 
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variously interpreted: (1) to an inadequacy in rapid adaptation to increased O, 
tensions, possibly reflecting in final analysis a lag in the readjustment of enzyme 
mechanisms; (2) the persistence of physico-chemical states in the C.N.S. which, 
built up gradually without gross manifestation during the exposure to low Oz or 
high COs, give rise to overt reactions on sudden shift to O.; (3) the continuation of 
reactions induced by the low Oz, after the administration of increased O, tension; 
(4) the action of increased O, tension on specific regulatory mechanisms such as 
carotid reflex structures. 

The literature offers no justification for discarding the generalization that for 
continuous administration, the concentration of O2 should not be much, if any, 
above 60 per cent. Yet in some conditions 60 per cent may be too high even for 
short exposures, in others 100 per cent may be too low for the end desired. It 
would appear that each case might best be considered individually. Where the 
administration of high concentrations of 0. does seem desirable the administrator 
still must weigh the possible benefit to be derived, against the possible dangers to 
be incurred. Argument derived largely from observations on individuals pos- 
sessed of wide margins of safety may be misleading but they cannot reverse the 
well-established sign posts which unquestionably point to the deleterious effects 
of the continuous administration of O2 in high concentrations. 

II. PossIBLE COMPLICATING VARIABLES INTRODUCED BY COMPRESSED AIR OR 
ARTIFICIAL GAS MIXTURES. The evidence presented above leaves no doubt that 
the increased O, tension of moderately compressed air exerts adverse effects on 
living organisms which in large part are essentially similar to those induced by 
equal O, tensions in hyperoxygenated air at atmospheric pressure but the assump- 
tion that the only action of compressed air is that of its contained O., demands 
further consideration. This demand becomes particularly insistent not only in 
view of the fact that very highly compressed air has been used as a means of 
studying the effects of O, at pressures above one atmosphere, but also because of 
the practical application of highly compressed air or artificial media in submarine 
and deep diving operations. An examination of the available data reveals that in 
some circumstances the effects of the increased O, tension obtaining under in- 
creased pressures are inextricably interwoven with those of other factors. 

Effects of Increased Pressure Per Se. The argument, so commonly advanced in 
many of the early reports, that pressure per se exerted physiological effects, were, 
for the most part, concerned with the vascular system. That viewpoint was ex- 
pressed by Moxon (1881) who stated: “There is one power by which blood can be 
sent into the vessels of the brain with certainty, and with any degree of force that 
may be desired, and that power is atmospheric pressure. It needs no experiment 
to show that great increase in atmospheric pressure must drive the blood away 
from the surface of the body and into any parts that are not accessible to air, 
such parts are the interior of the cranium and spinal cord.”’ Essentially similar 
beliefs were expressed by numerous earlier authors (Babington and Cuthbert, 
1863; Vivenot, 1865, 1868, and others). 

This idea of the mechanical effects of pressure was also held by Smith (1886) 
who maintained that the beneficial effects to be derived from recompression 
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treatment in compressed air illness, was a more gradual release of the blood from 
the deeper tissues into which it’ had been shifted during the exposure to the com- 
pressed air in accordance with certain “Jaws,” the first of which was, that ‘‘under 
high atmospheric pressure the centres will be congested at the expense of the 
periphery”; a “second law” stated that “firm and compact structures will be 
congested at the expense of those more compressible” ; and a ‘‘third law” held that 
“structures within bony cavities are congested at the expense of all others.” 
The blood, according to Smith, was “‘distributed not in accordance with physiologi- 
cal demands . . . but in obedience to overpowering physical force.” It was sug- 
gested that a similar congestion within bony cavities occurs during the baro- 
metric pressure alterations accompanying weather changes and Smith proposed 
that those persons who regard themselves as “walking hygrometers” and are ac- 
customed to say they feel the dampness in their bones, are really ‘‘barometers 
perhaps quite as sensitive as the instrument of Toricelli.” The experiments of 
Poiseuille (1835), of Loewy (1895) and Hill and Macleod (1902) and the observa- 
tions of Bert (1878), and Hunter (1887), however, amply demonstrate the fallacy 
of the claims that in compressed air the blood is mechanically squeezed from the 
peripheral vessels by the direct mechanical effects of the increased air pressure. 

Bert concluded that the blood pressure and the increased pulmonary capacity 
changes, induced by exposure of animals to moderately increased air pressure were 
entirely due to the mechanical effects of the increased air pressure acting on the 
diaphragm and abdomen. ‘This conclusion is of especial interest since in another 
connection Bert insisted that the only effect of increased air pressure is that. 
caused by the increased tension of the contained oxygen. DuBois-Reymond 
(1899) reported that exposure to compressed air tended to lower the diaphragm 
but Heller, Mager and von Schrotter found no evidence that the diaphragm was. 
lowered or that the vital capacity was increased in compressed air. More recent. 
investigations (Hill, 1912; Shilling, Hansen and Hawkins, 1935) indicate that 
the vital capacity of divers is increased in compressed air. 

The report of Case and Haldane (1941b) indicates that articular surfaces and 
synovial fluid may be physically affected by increased air pressure. “At high 
pressures loud cracking noises, audible to others, were frequently produced when 
J.B.S.H. moved his shoulder joints. Clearly the pressure between the articular 
surface is increased tenfold, and the effect of irregularities must be enhanced. 
No pain was associated with these sounds.” However, because of equal distribu- 
tion of pressure throughout fluids it is a bit difficult to see just how bearing pres- 
sure between the articular surfaces could beincreased to this degree; the explana- 
tion offered for the audible sounds would appear to necessitate the assumption of 
a compressional alteration in the volume of synovial fluid, or of gas which may 
have accumulated in the joint capsule during previous exposures to, and de- 
compression from, high pressures. In any case if exposure to compressed air does 
increase the bearing pressure on the articular surfaces it is an exceedingly im- 
portant mechanical effect of pressure. 

Armstrong (1938) has maintained that because of the gases dissolved, a volume 
of water will be “considerably” increased by a decrease in atmospheric pressure 
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and that since fats dissolve five times as much nitrogen as water their volume 
should be even more profoundly altered by pressure changes. If, as is claimed, 
these volume changes are physiologically significant under reduced pressure, they 
might, conceivably, be significant also under increased pressures. 

Ebbecke (1914) reported that increased hydrostatic pressure may of itself act 

as a stimulating factor in some conditions but that tissue can withstand pressures 
of 100 atmospheres without injury. Edwards and Cattell (1928) found altera- 
tions in the contractions of cardiac muscle when exposed to increased hydrostatic 
pressure and believed that the stimulating effect of pressures between 45 and 80 
atmospheres is related to fundamental changes in the physical system of the 
tissue. 
_- Further evidence that high pressure causes alterations in living cells is found in 
the work of Brown (1934). Ebbecke (1935a, 1936) regarded the paralysis caused 
by high pressure as a mechano-narcosis and thought it was in some respects 
comparable to electro-narcosis. Increased thigmotaxis and geotaxis and a 
tendency to rolling movements were induced in paramecium. In other work 
(Ebbecke and Shaefer, 1935) the action potentials of muscle and nerve were found 
to be altered, the excitability of nerve was increased and rhythmic responses were 
elicited by a single stimulus applied under the high pressure. Grundfest (1936) 
also reported alterations in the reaction of nerve fibre and Brown (1936) described 
changes in the isometric twitch under high hydrostatic pressure. Marsland and 
Brown (1936) and Brown and Marsland (1936) and Marsland (1939) report 
effects of hydrostatic pressure on ameboid movement. 

Deuticke and Ebbecke (1937) discussed the chemical and physico-chemical 
alterations occurring in tissue exposed to high pressure. Ebbecke (1938) found 
that exposure to increased pressure caused frog erythrocytes to change from plate 
to sphere form and although the volume was unaltered thereby, there were ac- 
companying intracellular changes. 

Cattell (1936) in review of the subject of biological effects of high pressures has 
pointed out that it is well-nigh impossible correctly to evaluate the effects of pres- 
sure per se on living organisms by the use of compressible gas media because of the 
concomitant alteration in gaseous tension. This complicating factor may be 
largely, if not entirely, obviated by the use of hydraulic media and the results of 
experiments using hydrostatic pressure indicate that the responses of tissue may 
be altered by very high pressures. Fontaine (1929a,b) in experiments involving 
pressures ranging from about 25 to 150 kgm. per sq.cm., found that the metabolism 
of fish (as determined by O, consumption) was augmented by pressures up to 
about 100-125 kgm. per sq. cm.; at higher pressures it was diminished. Because 
this pressure range is not so very far from those encountered in deep diving it 
would appear unwise to hold categorically that in deep diving the high pressure 
per se exerts no effects whatsoever on physiological processes. On the whole, 
however, the evidence derived from hydrostatic pressure experiments indicates 
that those pressures which man has thus far encountered in diving operations do 
not demonstrably affect vital processes of the tissues themselves. 

Increased pressure appreciably alters viscosity of gases and their diffusion, and 
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on the basis of these physical changes Thompson (1889) offered explanations 
for some of the effects he observed in animals exposed to compressed air; Hill and 
Macleod (1903) likewise pointed to these physical changes as possible contribut- 
ing factors. One interesting manifestation of the effect of the increased density 
of the compressed air is the observation reported by Triger (1841) that air pres- 
sures of about 3 atmospheres caused an inability to whistle and imparted to the 
voice a peculiar nasal quality; pain in the ears relieved by swallowing was also 
noted. Similar observations have been noted commonly since that time (Buc- 
quoy, 1861; Pol and Watelle, 1854; Foley, 1863; Hill and Macleod, 1903; Hill and 
Greenwood, 1906; Case and Haldane, 1941b). Smith (1886) in contrast to 
Triger (1841) reported that the sensitivity of hearing was diminished in com- 
pressed air and attributed this to the damping effect of the increased density on 
the functional vibration in the auditory apparatus. Interestingly enough Foley 
(1863) observed that his watch consistently lost time when in compressed air of a 
caisson, and this he interpreted as a result of the increased resistance offered by 
the compressed air to the swing of the balance wheel. 

The report of Case and Haldane (1941b) presents evidence of the importance of 
the increased density of highly compressed air in respiration. At ten atmo- 
spheres the work of breathing, they say, is more than ten times greater than at 
normal pressure and with some types of canisters this increased resistance to 
breathing in compressed air was found to be “unbearable.” Because of this, to- 
gether with the coughing (attributed to caustic dust stirred up from the respira- 
tors by the increased turbulence in compressed air) and the lack of self control 
induced by the increased pressure, subjects removed their respirators when they 
should not have done so. The authors recommended that because of these 
factors all respiratory apparatus intended for use at high pressures should be 
tested under service conditions rather than at normal atmospheric pressure. 
This recommendation emphasizes the danger of assuming that the significance of 
a given mechanical or chemical factor in the functioning of respiratory apparatus 
is constant at both high and normal pressure; it would appear to be equally if not 
more dangerous to make similar assumptions concerning the physiological 
respiratory apparatus within the mammalian organism. Further mention of the 
physical factors of viscosity and diffusion is made below in connection with the 
effects of nitrogen. 

The mechanical effects of increased pressure are obviously of importance where 
there is an absence of the normal patency of orifices leading to air pockets within 
the body. Smith (1886) reported that pain and other subjective responses arose 
from the frontal and maxillary sinuses during exposure to increased pressure be-_ . 
cause of temporary or partial blockage of the normal passages. Lack of adequate 
pressure equalization within such pockets may then elicit responses involving not 
only autonomic mechanisms but also the organism as a whole. Moreover, be- 
cause the degree of patency may vary under different conditions, the magnitude 
of the response arising from this source is not uniformly predictable. In normal 
individuals trained to equalize the middle ear pressure Case and Haldane (1941) 
found that rapid compression, e.g., from one to seven atmospheres in 90 seconds 
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may be accomplished withbut any after effects or discomfort. This rate of pres- 
sure increase, about one-half an atmosphere in 7.5 seconds, it was pointed out, 
corresponds to a vertical dive in air at a rate of about 1600 miles per hour. 

These same authors (Case and Haldane, 1941) did observe, however, that both 
pulse rate and systolic blood pressure rose in some instances and fell in others 
during rapid compression in air, but these changes did not appear to be related 
to the peculiar subjective sensations experienced on exposure to the high pres- 
sures. Carlson, Ivy; Krasno and Andrews (1942) found no significant changes in 
blood pressure, respiration or heart rate of dogs as a result of subjecting them to 
very rapid air pressure changes such as encountered by aviation personnel. 
Shilling and Willgrube (1937) state, ‘It is well known that if pressure is applied 
too quickly the diver becomes dizzy and often so dazed as to require several 
minutes to orient himself.’’ The rapidity of onset of this effect suggested to 
them that some mechanical compression factor might possibly be responsible for 
this subjective effect. 

The question of the significance of intestinal gas pockets does not assume the 
importance to the diver that it does to the high altitude flyer yet in some cases 
where considerable gas is present at atmospheric pressure, rapid compressional 
reduction of intestinal gas volume may affect the organism although perhaps not 
adversely. Snell (1896) remarked that workmen are in the habit of tightening 
their belts after entering the compressed air in caissons and he interpreted this as 
a response occasioned by the decreased volume of intestinal gas caused by the in- 
creased pressure. Incidentally, the increased volume of intestinal gas which 
occurs on decompression from compressed air seems to have attracted little 
attention although it would appear to be worthy of consideration as a possible 
contributor to decompressional effects. 

The problem of pressure equalization in air pockets may, under some circum- 
stances, also involve the lungs directly. Some indication of this is found in the 
report of Case and Haldane (1941b). One of their subjects suffered a pneu- 
mothorax as a result of three exposures to compressed air at 8.6 atmospheres. 
The x-ray examination, in addition to showing pneumothorax on the left side, 
revealed what appeared to be ‘emphysematous bullae at the extreme right apex.”’ 
There was no evidence of tuberculosis. The thoroscopy 23 days after the last ex- 
periment showed the left lung was almost entirely collapsed. After a slow re- 
covery there were two relapses in eight months. Although the subject was an 
athlete the pneumothorax was thought to have been due to the presence of con- 
genitally weak areas in the lungs. The immediate cause of the rupture was not 
determined but several possible explanations were offered, viz., (a) ‘The lung was 
was over-distended while inflating the Eustachian tubes during compression; (b) 
The subject held his breath during a decompression, and the expansion of the air 
brought about the rupture’”’; (c) improper manipulation of valves of rebreathing 
apparatus, causing a sudden increase in gas pressure in the lung; (d) “A bulla 
with poor communication with the bronchi existed and filled up with air at high 
pressure. During decompression the air could not escape into the bronchi, and 
burst out into the pleura.”’ 
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The experiments of Polak and Adams (1932) and of Adams and Polak (1933) 
would seem to leave little doubt but that fatalities which occurred in the use of 
the submarine escape apparatus in relatively shallow water (about 15 ft.) were 
the result of lung injury caused by the undue pulmonary distention while holding 
the breath during the ascent. In the light of these experimental findings, the 
most likely of the explanations offered by Case and Haldane for their pneumo- 
thorax mentioned above are (b) and (d). The probability of distending the lung 
during compression would appear to be much less than during decompression 
when the breath is held, unless of course some bronchi and bronchioles leading 
into air containing alveoli were plugged so that equalization of the alveolar pres- 
sure could be attained only by excessive stretch or rupture of adjacent alveoli 
in free communication with the trachea. If it be admitted that distention of the 
lungs, either in whole or in part, may occur on compression, one must then recog- 
nize the possibility that influences other than that of pulmonary rupture may 
arise from the lungs distended to points short of rupture, and that such influences 
may very well contribute to the responses which occur on exposure to compressed 
air. 

This is especially pertinent to those subjective and neuro-muscular reactions 
which appear immediately or within a very few minutes after compression. An 
unequalized increase in intrapulmonary pressure may not only profoundly affect 
breathing but as the experiments of Luckhardt and Johnson (1928) showed, it 
may also affect the heart, reflexly, and by direct central asphyxia, and it may 
abolish the knee jerk and render the animal unconscious and anesthetized in 12 
seconds. 

It has also been found that increased intrapulmonic pressure alters the response 
of striated muscle to electrical stimulation of its motor nerve, although it has no 
evident effect on contraction elicited by direct stimulation of the muscle (Bean, 
1942); from this it would appear that increased intrapulmonary pressure and 
lung distention influence the mobilization of the contractile response through 
some action on the neuromyal junction. Such reactions arising from pulmonary 
distention are more than of passing interest in connection with the submarine 
escape fatalities referred to above, for with the lung distention which is said to 
have occurred under those conditions, the resulting circulatory, cortical and 
neuromuscular reactions may have rendered the subjects unconscious or com- 
pletely incapable of voluntarily controlling their breathing and muscular activity 
even in the first few seconds of the ascent to the surface. 

Walsh (1941) in observations on a patient in whom there remained extensive 
defect in the skull following recovery from a right temporal craniotomy, found 
that exposure to decreased pressure (barometric pressure 247 mm Hg. and pure 
O, as the respiratory gas) caused an elevation of the scalp 1 cm. above its pre- 
exposure level and that return to atmospheric pressure caused a return to its 
original position. Exposure to increased pressure, on the other hand caused a re- 
versible depression to 1 cm. below the level of the skull. These results were 
interpreted as indicating that these pressure changes had induced an alteration 
in the volume of cranial contents because of the pressure effects of air contained 
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in the cerebrospinal fluid in the ventricles, or because of changes in the amount of 
blood in the cerebral vessels or to an alteration in the amount of free cerebro- 
spinal fluid within the cranium. The author states that if the cranium had been 
intact the intraspinal pressure, according to the experiments of Boothby and 
Walsh (1941) ‘‘would have increased 3 cm. in a manometer arm aMaded to a 
lumbar puncture needle.” 

Subjective and Neuromuscular Reactions to Compressed Air. Many of the older 
reports concerning the effects of compressed air emphasize the peculiar subjective 
effects such as sensory disturbances, feelings of intoxication and invigoration 
(Demarquay, 1866). .Triger (1841) describes subjective changes experienced in 
compressed air in caisson work. Foley (1863) maintained there was considerable 
individual variation in the effects of compressed air on caisson workers; in some 
subjects the senses of taste, smell and touch were lost or dulled, and there oc- 
curred subjective states of indecision and stupefaction, feelings of intoxication, 
cardiac changes, tremors and motor disturbances, and in a few there was ‘“‘com- 
plete demoralization.” 

An early description of the subjective changes experienced by divers is that 
given by Green (1861). The feeling of sleepiness which he noticed especially in 
his deeper dives (about 163 ft.) was regarded by him as particularly important for 
“with that symptom the diver knows he must instantly be drawn up’’; peculiar 
visual and gustatory sensations were also noted. His report provides evidence of 
a certain prevalence of belief that a diver’s judgment was impaired during his 
exposure to compressed air during a dive; from a sunken steamer he says he “‘sent 
large sums of money which strange to record, invariably proved me less than when 
under water. I called the attention of the company to this discrepancy but was 
politely informed that it was ‘very deceiving down there you know.’ ” 

The report of a caisson worker (Hill and Macleod, 1903c) serves to illustrate 
further these subjective changes in compressed air (37 lbs. gauge). “You felt a 
wee bit giddy when you went in.... I never felt happier than when I was in 
compressed air. Always happy, and on the cheery side. Why, laddie, I would 
get up feeling very dour and queer, and just go into the workings, and then whistle 
and sing all day long. Not that you could hear the whistling, at least a man with 
my lungs, when the pressure Was over twenty-five.”” When candles were used for 
light—“You nodded, and didn’t care if you went to sleep forever, though it was 
all verynice and dreamy. When I was alone in that ‘casoon’ I had to rope myself 
up, lest I should fall asleep and tumble to the bottom, 60 feet below. It was bet- 
ter under the river than in the casoons, because under the river the air could 
escape into the Thames. Tobacco had no sting. Even Irish roll had lost its 
savour. The only stuff that had any flavour was four-ale.”” Snell (1896) had 
also reported cases with somewhat similar response to compressed air. 

Hill and Greenwood (1906) experienced sensory changes of an anesthetic na- 
ture when in compressed air—‘‘This loss of the fine vibratile movements of the 
tongue and lips, a loss probably resulting from the damping effects of the dense 
air, leads to a false sense of anaesthesia in the former parts.”” Many of the older 
descriptions of the subjective effects of compressed air are difficult to evaluate, 
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especially since some of the less reliable may have been unduly tinged with the 
enthusiasm of over-zealous oxygen or compressed air therapeutists or their an- 
tagonists. But recent observations, amounting to a rediscovery of the subjective 
and neuromuscular reactions to compressed air, elevate many of those older 
claims, previously dismissed as incredible, to a position of validity little below 
that of the current reports. 

Damant (1930) reported that some divers became abnormal mentally and 
suffered a loss of memory in deep dives (300 ft.). He also pointed out that ex- 
perienced diving officers have long recognized that subtle changes in character and 
behavior sometimes occur in divers even at lower air pressures. Phillips (1931) 
presented more detailed information concerning these subjective and mental 
responses in deep diving. In going to depths of from 270 to 300 feet, divers 
“found that it was much more difficult to assimilate facts and exercise the quick 
decision essential for successful diving. It might be summed up as a slowing of 
cerebration.”? Some divers said that they had ‘‘passed out’”’ when on the bottom 
and others felt as though they were “under an anaesthetic.” Hill and Phillips 
(1932) and Thompson (1935) remark further on these subjective effects of in- 
creased pressure. Behnke et al. (1935) reported that in laboratory workers ex- 
posed in a chamber to air pressures as low as 4 atmospheres, there occurred emo- 
tional and neuromuscular disturbances which seriously interfered with aceurate 
performance of simple routines in laboratory technique; no objective or subjective 
tests were carried out but it was maintained that these effects of compressed air 
are “immediate in their onset.” 

Shilling and Willgrube (1937) state that 5 atmospheres of air pressure induce a 
feeling which is likened to drunkenness. They are in essential agreement with 
Phillips (1931) and Hill and Phillips (1932) that there is manifest a dangerous 
overconfidence, accompanied by a dulling of mental ability, difficulty of assimilat- 
ing facts and of making quick and accurate decisions. These authors (Shilling 
and Willgrube, 1937) present quantitative experimental data attesting to the 
slowed reaction time in mental and neuromuscular responses. ‘They find also 
that increased experience materially lessens the subjective effects and that men 
with high mental ability do not fail as quickly as do those of lower intelligence. 

Case and Haldane (1941b) in an interesting and informative series of experi- 
ments on themselves and other human subjects, found that air pressure at 5 at- 
mospheres caused no noticeable subjective or objective changes and even at 7 
atmospheres there was no deterioration of mental ability, arithmetic problems 
actually being performed more rapidly and with fewer mistakes. But at 8.6 
atmospheres a variety of subjective reactions were observed, e.g., two individuals 
were slightly confused, two others were distressed and felt as if they were going to 
faint, one was euphoric and felt very confident, and another was mildly elated. 
Still another was unusually obstinate but showed no obvious emotional reaction. 
At 10 atmospheres two subjects were ‘“‘somewhat euphoric on the first occasion, 
but later this wore off”; another “‘varied between depression and elation”. At10 
atmospheres the changes were quite definite; many of the subjects reported they 
felt drunk. Strange sensations were felt on the lips ‘‘something like velvet.” 














60 JOHN W. BEAN 


The timing of tests, making notes and gas sampling were either not carried out or 
were performed only with great difficulty, and some observations made under 
these conditions were not very satisfactory. “It is quite imperative,” these 
authors say, “that no great trust should be placed in human intelligence under 
these circumstances.’”’ The variety of effects described clearly indicates that 
there is no one subjective response which characterizes the intoxicating action of 
compressed air, but rather that the subjective reactions may vary widely in 
different individuals. 

In contrast to statements of Behnke and Yarbrough (1938) Case and Haldane 
(1941b) maintain, “It is quite incorrect to say that people are stupefied at such 
pressures.... However, they are definitely less responsible than when normal.” 
The latter authors also found that the symptoms reached a maximum within 2 
minutes of compression and did not increase after 30 minutes at 10 atmospheres. 
It was thought there might have been a “slight degree of habituation’’ but this, it 
was admitted, might have been purely psychological. The higher intellectual 
functions of the brain were apparently more profoundly affected than those in- 
volving muscular skill. Decompression to 5 atmospheres almost always caused 
an immediate feeling of subjective improvement. 

Air at 8 atmospheres was found to taste “harsh, metallic and indefinable” 
(Case and Haldane, 1941a), and this was thought to be the taste of the concen- 
trated nitrogen rather than of the O2. Green (1861) had apparently experienced 
a similar taste at much lower air pressure but explained it thus: “The pumps 
which were used for forcing air into the armor were of brass and with each move- 
ment of the pump I could plainly taste and smell the copper in the atmosphere I 
breathed.” In view of the fact that subjective and sensory changes and im- 
paired judgment occur at increased pressures, one may perhaps question whether 
these gustatory effects reported by Case and Haldane and by Green may not 
represent disturbances in the more central parts of the sensorium rather than true 
sensibility arising from receptor stimulation by the increased concentration of the 
compressed gas. 

Proposed Explanations for the Subjective and Neuromuscular Reactions to Com- 
pressed Air. Various explanations have been offered for these subjective and 
neuromuscular reactions experienced in exposures to compressed air sometimes 
referred to as compressed air intoxication; one of the earliest of these was that the 
increased O, tension was the cause. The rediscovery and current re-emphasis of 
the importance of these reactions, has brought forth several newer explanations; 
some authors have held that they are of psychological origin and others have con- 
cluded that they are due solely to a narcotic action of nitrogen. An inspection 
of the data reveals that none of these is in itself an entirely satisfactory explana- 
tion of the phenomena and that additional etiological factors must be considered. 

1. Increased O» tension as the cause of the reactions to compressed air. ‘Triger 
(1841) pointed out that physical exertion could be carried out with less breath- 
lessness and discomfort in compressed air than in air at ordinary pressure. 
Furthermore the subjective effects of compressed air such as the feeling of in- 
vigoration and well being were claimed by therapeutists to be the same as those 
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induced by breathing O2 and it was therefore claimed by many (Demarquay, 
1866) that the effects of compressed air were simply those of the increased O, 
tension. Birch (1859) reported that breathing O, at atmospheric pressure caused 
subjective and objective reactions in some individuals and maintained that these 
were not of psychological origin. 

Bert (1878) provided more substantial support to the belief that the effects of 
compressed air were due to the increased partial pressure of O.. He made the 
generalization that the effects of breathing air at 5, 10 and 15 atmospheres were 
the same as those induced by breathing O, at 1, 2 and 3 atmospheres respectively, 
and having convinced himself of the verity of this generalization, utilized com- 
pressed air to attain the desired high O, tensions in his studies on O:2 poisoning. 
Since Bert’s time, the assumption that the responses to compressed air (barring, of 
course, those of decompression) are caused only by the increased O, tension, has 
been rather widely accepted (Bornstein and Stroink, 1912; Achard, Binet and 
LeBlanc, 1927; Binger, Faulkner and Moore, 1927; Cleveland, 1925; Smith, 
Heim, Thomson and Drinker, 1932). 

Hill and Macleod (1903c), however, made the important observation that the 
effects of exposure to compressed air are not the same, but are actually more 
damaging than those elicited by pure O2 or by an equal partial pressure of Oz at 
atmospheric pressure. Similar findings have been reported by Orzechowski and 
Holste (1938). These results, contrary to the conclusion of Bert, are par- 
ticularly noteworthy because they mean, of course, that the presence of nitrogen, 
the rare gases, or some physical or chemical feature of compressed air either en- 
hances the deleterious effects of O. or contributes in an additive manner to those 
effects. 

The rate of change in the environmental O, tension may have some etiological 
significance in the occurrence of the reactions of compressed air intoxication. 
Certainly if the shift from low O2 or normal air, to high O, at atmospheric pressure 
elicits subjective and neuromuscular reactions (see preceding section), there 
would seem to be no good reason to exclude the possibility that somewhat similar 
reactions might occur as a result of a sudden shift from the low O2 or normal air 
at atmospheric pressure to the high O, tension of highly compressed air; indeed, 
the work of Hill and Macleod (1903c) would justify the expectation that such re- 
actions induced by a sudden shift to increased O, tension might be augmented by 
the association with compression. 

Damant (1930) was of the opinion that the subjective changes experienced by 
divers at depths of 300 feet were attributable to the increased partial pressure of 
On. 

2. Psychological factors as the cause of the subjective and neuromuscular reactions. 
The subjective character of the reactions to compressed air suggests the possible 
involvement of psychological factors in their etiology and several references do 
point to the probable importance of such factors. That psychological and emo- 
tional influences were operative in the experiments with air pressures of about 60 
pounds carried out by Hill and Greenwood (1906) is implied by their statement of 
having felt a ‘false sense of anaesthesia” and by the written comments of one 
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subject that he was “very nervous all through the experiment” and that there 
were “feelings of nervousness at being exposed to so high a pressure (which at 
times was somewhat acute especially when we were not engaged in analytical 
work).”’ 

Phillips (1931) studied the responses to compressed air in some detail by psycho- 
analytical methods. This investigation uncovered considerable evidence that 
the mental stability of the individual played an important part in determining his 
reaction to the increased air pressures met with in diving. It was found that 
those men who had experienced untoward reactions either in deep or shallow 
water were “of the suppressed types, who habitually exercise control. Shy, 
reticent, and self-contained, they work best by themselves and do not relish ob- 
servation. ‘Theyareusually of a philosophicrather than a practical disposition.” 
Phillips maintained that the cause of the divers’ failure was claustrophobia. 
The importance of psychological elements is further suggested by the fact that 
some authorities have indicated that in the selection of men for deep diving, very 
complete psycho-analyses should be made. 

One of Phillips’ subjects, in commenting on the response to compressed air in an 
experimental chamber and that experienced in actual diving, said, “You cannot 
possibly compare the two conditions; in London in the chamber it was light and 
there were others with me; on the bottom it is dark and lonely.”’ This statement 
is particularly arresting, not only because it points to the significance of psycho- 
logical factors in the reaction to compressed air, but also because it emphasizes 
the fact, so commonly ignored, that the physico-chemical adjustments of psy- 
chological origin obtaining in the organism, and upon which the effects of the in- 
creased gas tension are superimposed, are by no means always the same in the 
experimental chamber as they are under actual diving conditions. 

Hill and Phillips (1932) also indicate that claustrophobia is the cause of the 
subjective disturbances met with in diving. End (1937) likewise points to this 
as a factor of some importance. Thompson (1935) accepts the view that these 
reactions are of psychological origin since, as the diving trials continued, the re- 
actions were less intense. Similar observations of Shilling and Willgrube (1937) 
that training diminishes the intensity of the response and that men of high men- 
tality do not fail as quickly as those of lower intelligence further suggests the in- 
volvement of psychological factors. The report of Fraser (1940) emphasizes 

‘that ‘‘a nervous disposition” or ‘nervous instability” disqualifies an individual 
for deep diving because these are “bound to crop up in prolonged work, especially 
in deep water.” The observations of Case and Haldane (1941b) that on a first 
compression the change in consciousness is very striking and “alarms some 
people” but that “when it is taken for granted it is likely to have less effect on be- 
haviour,” and that there might have been some “‘slight degree of habituation” to 
the effects, or that such an impression of habituation may have been ‘‘purely 
psychological,” attest again to the possible significance of psychological factors. 
Mosso’s investigations led him to the conclusion that apprehension so affects the 
- nervous system that it “aggravates in an unexpected way” the influence of 
changes in barometric pressure; the data concerning the effects of compressed air 
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seem to warrant the extension of that conclusion to include not only low baro- 
metric pressure, but also increased barometric pressure. 

It would appear then that psychological factors cannot be completely dismissed 
in a consideration of the possible contributing causes to the subjective and neuro- 
muscular disturbances experienced in exposure to highly compressed air, for 
psychological changes, which, in themselves may not be grossly manifest, might 
yet contribute indirectly to the effects of compressed air by providing a back- 
ground of a peculiar milieu or physico-chemical adjustment which enhances or 
modifies the reaction to the more immediately responsible agents which are super- 
imposed upon it. 

3. Nitrogen as an etiological factor. It was inferred by Behnke, Thomson and 
Motley (1935) that the subjective and neuromuscular disturbances induced by 
exposures to compressed air were caused by nitrogen which at pressures as low as 
3 atmospheres was said to act as a narcotic. The subsequent implied acceptance 
of this inference as fact, calls for a consideration of the experiments and argument 
upon which it was based. 

An examination of the data presented as evidence of nitrogen narcosis reveals it 
to be unconvincing for a number of reasons; the first of these concerns the reaction 
selected as the criterion of narcosis. It was reported (Behnke, Thomson and 
Motley, 1935) that euphoria was experienced by a group of laboratory technicians 
working in compressed air at pressures of 3 atmospheres; and since no euphoria 
was observed in earlier experiments on subjects exposed to pure O- at atmospheric 
and higher pressures, it was inferred that the euphoria experienced in compressed 
air could not have been due to the increased O, tension and that it must therefore 
have been caused by the nitrogen acting as a narcotic. The report of other 
authors (Case and Haldane, 1941), however, clearly indicates that in the psy- 
chological response to compressed air there are wide individual variations and 
that while euphoria does occur, there are equally impressive states of depression. 
Moreover, breathing pure O. has been repeatedly reported, particularly in the 
older literature (Demarquay, 1866), to give rise to a sense of elation and euphoria. 
The presence of euphoria, therefore, does not appear to be a reliable differential 
symptom or an adequate criterion of narcosis. 

In the second place, the evidence of Behnke et al. is unconvincing because the 
experimental subjects exposed to the increased O2 tension and who failed to ex- 
perience euphoria under those conditions, were evidently not the same as those 
exposed to the compressed air. In the third place, the experimental conditions 
were not at all comparable. The subjects exposed to increased O, tension wore 
masks or diving helmets during the several hours of each exposure, whereas those 
exposed to compressed air wore no mask or helmet and were free to move about 
while performing routine laboratory techniques in the company of their associ- 
ates. It would seem that where such an intangible criterion as euphoria is con- 
cerned, all experimental conditions must be rigorously controlled before any in- 
ference can safely be drawn from the results. : 

A conclusion that the subjective and neuromuscular reactions to compressed air 
are caused by a narcotic action of nitrogen obviously demands the rigid exclusion 
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of other possible causes. Now in order to rule out increased O, tension as the 
possible cause of, or contributor to, the reactions in question, it has been assumed 
that the reactions to a given tension of O2 in compressed air are no different from 
those induced by the same QO, tension at atmospheric pressure. Such an as- 
sumption is based on,the premise that an identical state of the tissues obtains 
under each of these two experimental conditions. But if the nitrogen in com- 
pressed air is a narcotic, how can the state of the tissues exposed to compressed air 
even remotely approximate that which obtains in an environment in which there 
is an equal O, tension but an absence of nitrogen? Comparable tissue states are 
not provided in these two situations and the possible involvement of O2 as an 
etiological factor is therefore not satisfactorily ruled out. The argument of 
Behnke, Thomson and Motley (1935) appears then to be one in which the final 
inference or conclusion that nitrogen is a narcotic, disproves an essential premise 
of identical experimental conditions upon which that argument must be based. 

The experiments of Hill and Macleod (1903c) as already mentioned, do indicate 
that the effects of compressed air are not simply those of the increased O, tension 
alone: Compressed air was found to be more damaging than those of an equivalent 
O, tension in the absence of compressed air, but even such difference does not 
justify a conclusion that the greater damage in compressed air is caused by nitro- 
gen. 

Another feature of the argument presented as supporting evidence of “nitrogen 
narcosis’ was that the effects of compressed air, unlike those of increased Oy pres- 
sure, were immediate in their onset and did not become progressively more severe 
as the exposure was continued. This does lend some substantiation to the view 
that the effects of compressed air are not simply those of increased O, tension, 
but like the results of Hill and Macleod (1903c) it provides no evidence that 
nitrogen at increased pressure is a narcotic. In fact, as Shilling and Willgrube 
(1937) have pointed out, the immediacy of the onset of the pressure effects and 
the absence of any increase in their severity as exposure is prolonged, constitute 
rather strong arguments against a narcotic action of nitrogen. 

While the evidence up to this point fully justifies a conclusion that the re- 
actions to compressed air are not simply those of the equivalent O. tension at 
atmospheric pressure, and that compressed air must involve some factor of physi- 
ological importance other than the increased O, tension, it offers no substantial 
support for the interpretation that the compressed air reactions in question are 
caused by the increased tension of nitrogen or that nitrogen at these tensions acts 
as anarcotic. Shilling and Willgrube (1937) pointed out that “the true cause of 
the slowed mental and neuromuscular activity encountered in high air pressure 
work has not been satisfactorily demonstrated.” 

The experimental work with helium, however, does provide some suggestive 
evidence that nitrogen contributes to the production of the subjective and neuro- 
muscular reactions of compressed air intoxication. In 1919 it was suggested 
(Thomson, 1927) that helium, because of its physical properties, might be used to 
advantage in diving. At about the same time Cooke applied for, and was later 
(1923) granted a U.S. Patent for a method of using helium in pressure work (Yant, 
1927). Since the experimental work of Sayers, Yant and Hildebrand (1925) and 
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the granting of a patent to these investigators in 1927, little or no practical ap- 
plication of helium in pressure work was made until after the test demonstration 
carried out under actual diving conditions by End (1937) and his collaborators. 
Its use then became more widely advocated (Behnke and Willmon, 1939, 1940; 
Fraser, 1940). The chief benefit claimed for the use of helium was that it per- 
mitted a very rapid decompression; although Case and Haldane (1941) not only 
reported that at pressures of ten atmospheres the use of helium failed to prevent 
bends but also pointed out that because of its solubility characteristics it is er- 
roneous to expect that it should. “It is certain,” these authors say, ‘“‘that a 
mixture of this kind [85 per cent He and 15 per cent O.] cannot be regarded as 
superior to air as a prophylactic against bends.” 

But in addition to the facilitation of decompression resulting from the use of 
helium, End (1937) reported that the subjective and neuromuscular disturbances 
experienced in highly compressed air were absent in those exposures in which 
helium was substituted for the nitrogen of the respired air. Similar observations 
were made by Behnke and Yarbrough (1938). These results were highly sug- 
gestive that nitrogen was somehow causally involved in the subjective effects in- 
duced by compressed air. 

The experiments of Case and Haldane (1941b) using O.-N2 mixtures at pres- 
sures of about ten atmospheres demonstrate that the subjective effects of com- 
pressed air may occur even when the QO, partial pressure is reduced to or even 
below the normal 20 per cent of one atmosphere. Convincing evidence is thus 
provided that an increased O, tension is not essential to the occurrence of the 
subjective disturbances experienced in compressed air. The experiments in 
which not only He-O, but also H2-O, mixtures were used, indicate that the 
presence of nitrogen contributes directly or indirectly and in large measure, to the 
occurrence of those disturbances. The authors interpret their data to mean that 
the intoxicating influence of air at high pressures is the result of a direct effect of 
nitrogen on the brain itself and thereby subscribe to the ‘‘nitrogen narcosis” 
hypothesis. They maintain, however, that this narcotizing action of nitrogen 
cannot be adequately explained on the basis of its chemical properties or its 
lipoid solubility and suggest that intra- or extra-cellular adsorption processes may 
be the explanation of the direct nitrogen effects. 

The experimental data at this stage conclusively show: that the subjective and 
neuromuscular reactions to compressed air cannot be attributed to increased O, 
alone; that these reactions may even occur in the absence of an increased O, 
tension; and that the presence of nitrogen at increased pressure contributes to 
the occurrence of these reactions. But the interpretation that nitrogen of itself 
acts as a narcotic still awaits proof; other factors which might contribute to the 
precipitation of the compressed air reactions have not as yet been satisfactorily 
ruled out. It would appear, therefore, that until further and more substantial 
evidence is presented which indicates otherwise, “nitrogen narcosis’’ would best 
be considered a hypothesis. On the other hand, there are now a goodly number 
of indicators which point to another, and perhaps more plausible, explanation for 
the reactions to compressed air than that of ‘nitrogen narcosis.” 

4. Carbon dioxide as an etiological contributor. Although Hill and Phillips 
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(1932), convinced of the importance of psychic factors, dismissed both Oz and in- 
creased CQO, as possible etiological elements in these peculiar compressed air 
effects, a consideration of the accumulated evidence reveals there is a very high 
probability that CO: is causally involved and to such an extent as to render resort- 
ing to the “nitrogen narcosis” hypothesis for an explanation, quite unnecessary. 
One of the more significant reports in this connection is that of Behnke and Will- 
mon (1939). These authors were unable to distinguish the effects of breathing 
increased CO, by their subjects when exposed to increased air pressure, from those 
of “nitrogen narcosis.” In fact they found that increased CO, simply increased 
the intensity of the “nitrogen narcosis,’ and said: ‘‘While we were aware of the 
symptoms of nitrogen narcosis at a depth of 240 feet, we were surprised at their 
intensity. For the application of pressure in a chamber equivalent to a depth of 
240 feet elicits reactions of considerably lessened severity.”’ 

“Additional diving tests indicated that the difference in reactions between 
chamber and deep-sea diving could be attributed to the increase in carbon dioxide 
concentration in the diver’s helmet.’ 

“The symptoms, however, were not typical of high carbon dioxide tension in 
the lungs but rather of air at a depth of 300 feet or more. Increased depth of 
respiration, for example, did not precede loss of consciousness.” 

‘‘Apparently the increase in carbon dioxide augmented the narcotic action of 
nitrogen.” 

These observations recall the great emphasis which Snell (1896) placed on the 
importance of the removal of CO, from caissons by very thorough ventilation and 
the advice of DuBois (1928) concerning CO, removal in diving operations. Davis 
(1935) has also stressed the dangers of even very small amounts of CO: under such 
conditions. 

It is generally recognized that a large excess of carbon dioxide may diminish 
rather than augment breathing: An absence of an increased depth of respiration 
cited by Behnke and Willmon (1939), then, provides no justification for dismissing 
the possibility that the response in question could have been caused by the in- 
creased CO, especially in the presence of other variables, for it is widely agreed 
that the reaction to CO. may be modified by a variety of conditions, particularly 
by an increased O, tension (Bert, 1878; Hill and Flack, 1908; Gesell, 1923; Shaw 
et al., 1934; Haldane and Priestley, 1935; Case and Haldane, 1941). The ob- 
servation that under some conditions increased CO, tension in the presence of in- 
creased QO, tension not only fails to increase breathing but actually decreases it 
(Marshall and Rosenfeld, 1936; Dripps and Dumke, 1943), is of interest in this 
connection. It would appear, therefore, to be quite erroneous, and in some cases — 
even dangerous, to assume that the response to a given COs increase in highly 
compressed air should be the same as that induced by an identical CO, increase in 
air at normal pressure. 

According to Haldane and Priestley (1935) excess CO, even at atmospheric 
pressure in addition to causing ataxia, stupefaction, anesthesia and loss of con- 
sciousness has a “narcotic effect’? which ‘quiets down respiration.” The nar- 
cotic and anesthetic effects of carbon dioxide were noted and remarked upon by 
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several earlier investigators (Ewart, 1794; Beddoes and Watt, 1796; Bert, 1878; 
Foy, 1889, 1892; Hill and Flack, 1908) ; and Simpson (1872), aware of its reputed 
effects, considered the use of CO: as a practical anesthetic. Wolff, Cobb and 
Fremont-Smith (1931) too, have emphasized the narcotic action of CO. and believe 
that some of the effects of administering an O.-CO,2 mixture to psychiatric pa- 
tients may be caused by such narcotic action. The reports of Gellhorn and Spies- 
man (1935a,b) that CO, causes auditory and visual disturbances also suggest that 
sensory changes which occur in compressed air could possibly be caused by an in- 
creased CO, tension. 

Barcroft (1938) reported that breathing high concentrations of CO, at at- 
mospheric pressure caused subjective and neuromuscular changes referable to 
an action on the highest part of the C.N.S., mental changes, and errors in ma- 
nipulations requiring nicety of co-ordination such as the taking of gas samples. 
‘“‘Now the interesting point,” he says, “is not that these errors occurred, though 
that is quite significant, but that I could have gone into a court of law and sworn 
that one at least of the two [samples] was correctly taken. ... When I came out 
I was retaining my grip of things only with an effort.” The similarity between 
these effects and those attributed to “nitrogen narcosis” appears to be more than 
coincidental. 

Although Case and Haldane (1941b) found that the intoxicating effect of com- 
pressed air was enhanced by the addition of CO, and stated that the combined 
effects of high partial pressure of Nz and CO, were much more severe than those 
of either alone, they had no explanation as to “why CO, and N» excess appear to 
co-operate....’’ These observations point again to the possible identity of 
“nitrogen narcosis” and the effects of excess CO.. The authors noted further 
that when the partial pressure of CO. in compressed air rose above 3 per cent of 
an atmosphere, breathing was increased, but any subjective distress caused by 
breathing still higher partial pressures was much less than that at atmospheric 
pressure. This, the authors suggested, might have been due to the narcotic 
effect of nitrogen; but in view of the fact that excess CO. may, under some cir- 
cumstances, diminish breathing and that it exerts a narcotic influence, it appears 
unnecessary to resort to an hypothetical “nitrogen narcosis” for an explanation. 

The experiments of Case and Haldane (1941b) again illustrate the fallacy of 
assuming that the effects of a given tension of CO. in compressed air are always 
quantitatively and qualitatively the same as those induced at atmospheric pres- 
sure. The increased potency of CO. acting in compressed air was demonstrated 
by the finding that air at 10 atmospheres containing 0.4 per cent CO, (i.e., a 
partial pressure equivalent of 4 per cent of one atmosphere) caused marked 
deterioration in manual dexterity and mental confusion; in concentrations of from 
6.6 to 9.7 per cent of an atmosphere, it caused a loss of consciousness in from one 
to five minutes. Significantly enough this loss of consciousness ‘‘in almost all 
cases ... took place quietly and easily,” indicating again that it is erroneous to 
expect that excess CO. in compressed air should invariably cause hyperpnea. 
At atmospheric pressure, on the other hand, these authors found that 3 to 4 per 
cent CO, caused no deterioration in either manual or arithmetical skill and some 
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subjects showed no deterioration even with 6 per cent CO.. They concluded that 
the CQ, should be kept below 0.3 per cent in air at 10 atm. pressure. 

Psychological effects and changes in emotional states were also experienced 
when breathing CO, while under increased air pressure and perseveration was 
noted in some subjects. One of the more notable psychological symptoms was 
that of euphoria and elation but states of depression, fear, and loss of memory were 
also reported. Such reactions correspond surprisingly well with the psychological 
effects which have been described (Behnke, Thomson and Motley, 1935) as 
typical of the reactions to compressed air and which have been attributed to 
“nitrogen narcosis.” 

A consideration of the evidence, then, reveals not only a high probability that 
CO, is an important contributor to, if not the chief cause of, those reactions which 
have been attributed to a narcotic action of nitrogen, but also, because the effects 
of CO, are so markedly enhanced by a compression of the respiratory medium, 
that the results of experiments with increased CO, tension at atmospheric pressure 
do not safely exclude CO, as an etiological factor of those reactions. 

5. Physical factors in relation to COs effects. Although Case and Haldane 
(1941b) observed that at increased air pressure the resistance to breathing 
through canisters was at times “intolerable” they concluded that the physical 
properties of the gases in the gas phase could not account for the subjective effects 
induced by compressed air. This conclusion was supported by their finding that 
in shifting from various He-O, and H2-O2 mixtures to air and to N2-O2 mixtures 
at the same high pressure, the onset of the subjective effects was not immediate 
but rather was delayed for a few minutes. The possible influence of physical 
factors, however, deserves a re-evaluation, not so much because of any direct 
physical action which the diluent gases for O2 may have on the organism, but 
rather because of the influence which the physical properties of those gases may 
exert indirectly by their effect on CO, as an immediate causative agent of com- 
pressed air intoxication. 

The short delay (1 to 3 min.) in the onset of the subjective response to com- 
pressed air stressed by Case and Haldane (1941b), the immediate onset empha- 
sized by Behnke et al. (1935), and the observations of Shilling and Willgrube 
(1937) leave no doubt but that the subjective effects of compressed air are rapid in 
their onset. This rapidity of onset has been stressed as one of the characteristics 
of “nitrogen narcosis,” yet this rapidity of onset serves as well or even better as 
evidence in support of the interpretation that CO, is the etiological agent in 
compressed air intoxication. 

A consideration of this characteristic of the reaction reveals that the rate of 
compression assumes particular significance both in the rapidity of symptom 
onset and the severity of those symptoms, even though any possible effects of 
pressure per se on the tissues or compressional effects on gas pockets in the body 
be excluded. In very rapid compression the movement of the compressional air 
into the lung during the process of pressure equalization will completely prevent 
the exhalation of any alveolar air in spite of the respiratory movements—a simple 
experimental observation which the reviewer has made on numerous occasions. 
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Under such conditions the alveolar CO, which would normally find its way out 
into the alveolar ducts and terminal bronchioles, will be pushed back into the 
alveoli so that even the dead space may not be available for diluting the alveolar 
CO, the tension of which will thereby be increased. In the meantime the flow of 
CO, into the alveoli from the venous blood will have continued. The resultant 
sharp rise of alveolar CO, tension will have reached a maximum just at the end of 
the compressional period. But before that time the CO, tension of the tissues 
will have been appreciably elevated due to the damming up of the CO, in the 
lungs and this, associated with a concomitant increase of O, tension in the com- 
pressional air should be rapidly reflected in both subjective and objective changes 
in the subject. An early manifestation of symptoms is exactly what might be 
expected. This sequence of events provides a very feasible explanation, then, for 
the dizziness and other subjective reactions which as Shilling and Willgrube 
(1937) point out occur in divers when rapidly compressed. 

The possible influence of the compressional inflow on alveolar CO, tension is 
brought out by the following simple calculation: If it be assumed that the volume 
of the residual and supplemental air in a man is 2500 cc. and that it contains 5.5 
per cent COz, there will be 137.5 cc. of COs: left in the lungs at the end of a normal 
expiration. If further, the CO. in the expired air be taken as 4. per cent, the 
tidal air as 500 cc. and the respiratory rate as 18 per minute, there will be expired 
360 ec. of CO, each minute under normal conditions at rest, and if the organism be 
in a steady state, 360 cc. should represent the amount of CO: poured into the lungs 
from the blood each minute. Now if compression in air (0.04 per cent CQ.) is 
rapidly carried out to ten atmospheres there will enter the lungs, 9 & 2500 ce. of 
air (assuming the lung volume itself is not changed) and this will add 9.0 cc. of 
CO, to that already in the lungs. If it takes 3 minutes to raise the pressure to ten 
atmospheres, at the end of compression, other things remaining constant, there 
will be a total of 137.5 + (3 & 360) + 1226.5 ec. of COs, in the alveolar air. If 
this air in the lung were at atmospheric pressure, the CO: would only be 4.9 per 
cent, but in terms of partial pressure at ten atmospheres in the lung it will be 
372.85 mm. Hg, whereas normally it is less than 50 mm. In other words as a 
result of this compressional inflow the alveolar CO, tension will have been in- 
creased by about 700 per cent. Other things, however, are not constant; for ex- 
ample, as the CO, accumulates in the alveoli the diffusion gradient is lost so that 
CO, does not leave the blood at the rate of 360 cc. per minute and is dammed 
back in the tissues; but on the other hand the diver under actual diving conditions 
is not in a basal state so that the CO, production is appreciably greater than that 
during rest as the above calculation assumes. 

There is another condition which contributes to an elevation of the alveolar 
CO, tension during rapid compression not taken into account in the above sample 
_ calculation but which assumes considerable importance. The advance of the 
compressional inflow air into the respiratory tree pushes the alveolar air ahead of 
it back into the alveoli. This would mean that if the interface between the ad- 
vancing compressional inflow air and the alveolar air were well defined, the CO, 
tension of the gas in immediate contact with the alveolar wall at the end of a 
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compression to 10 atmospheres would be 10 times that which obtains under con- 
ditions of normal atmospheric pressure. In other words, if the alveolar CO: were 
5.5 per cent at atmospheric pressure, the CO, tension of the gas in immediate 
contact with the alveolar wall at the end of the compression would be equivalent 
to that of a 55 per cent alveolar content at atmospheric pressure. It is hardly 
likely however that the interface between the inflow and alveolar air is discrete, 
but even though there be some mixing of the inflow and alveolar air during the 
compression such mixing cannot be immediate and the CQ, tension in contact 
with the alveolar wall must be elevated appreciably by this factor for at least a 
short time. 

In discussing compressional inflow there is in addition to the rapidity of the 
symptom onset, another peculiar feature of compressed air intoxication which is of 
interest, viz., that after having attained the early maximum (within 2 or 3 min.) 
the symptoms do not increase in severity as the pressure is maintained but may 
actually decrease in severity (Shilling and Willgrube, 1937; Case and Haldane, 
1941b). This feature, as Shilling and Willgrube have pointed out, casts serious 
doubt on the “nitrogen narcosis” hypothesis. Yet in terms of CO, and the com- 
pressional inflow it finds ready explanation as follows: Once actual compression 
has stopped, the compressional inflow stops, the removal of alveolar CO, is then 
resumed, tissue CO, is consequently diminished and a subsequent decrease in 
severity of symptoms might then be expected. 

The rapidity of compression to a given pressure determines not only the rate 
of compressional inflow and thereby the degree of blockage to the CO, exhaled 
from the alveoli, but also the length of time over which that blockage is operative 
and thereby the amount of CO, which will accumulate in the alveoli from the 
venous blood. The effects of both the compressional inflow and its cessation, 
therefore, should not be limited to only the very rapid compressions; even in the 
slower compressions they would appear to be significant. 

Another characteristic of compressed air intoxication which has been accepted 
as a peculiarity of compressed air intoxication (Case and Haldane, 1941b) is the 
remarkably rapid disappearance of the symptoms on decompression. But this 
characteristic, too, may be explained in terms of CO.. It is known that in the 
presence of increased O2 tension even a small increase in the CO, tension has a 
much more pronounced effect than it does under normal conditions (Gesell, 1923) ; 
it follows therefore that the removal of a relatively small amount of CO, and the 
concomitant lowering of the O, tension which occurs on decompression should 
cause a sharp decline in severity of the symptoms. On decompression the 
alveolar CO, is being removed not only by the respiratory movements but also by 
a decompressional outflow of alveolar air; the alveolar air and its contained CO, 
is, in effect, being sucked out of the alveoli by the drop in the environmental pres- 
sure. The CO, diffusion gradient at the lung is thereby sharply increased and 
this in turn should result in a more rapid removal of CO, from the tissues. 

The report that the response to compression in a He-O, mixture was less severe 
than that experienced in air (Case and Haldane, 1941b) might at first appear to be 
valid evidence against the inclusion of compressional inflow as a contributory 
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factor to the occurrence of compressed air intoxication. It must be recognized, 
however, that a fair comparison of the influence of compressional inflow of a He-O, 
mixture with that of air can be made only where the rates of compression and the 
O, supplied to the tissue are identical. Because the experiments of Case and 
Haldane, just cited, were carried out for other purposes, no rigid control of the 
identity in compressional rates was made; furthermore, the O. content of the 
He-O, mixture used was 15 per cent as compared with the 21 per cent of air—a 
difference which of itself is of considerable importance where the effects of CO. 
under increased pressure are concerned. These He-O, experiments therefore 
provide no reason to doubt the importance of the compressional inflow. 

In any case it is particularly significant that the use of a He-O. mixture did not 
completely eliminate the intoxicating effects of compression as it should have 
done if those effects were due to “nitrogen narcosis.”” Moreover the effects 
which were experienced ‘‘passed off,” as would be expected according to the CO, 
theory, with the cessation of the compressional inflow. Further reasons why 
these He-O, experiments do not provide conclusive evidence of ‘‘nitrogen nar- 
cosis’’ are presented below in another connection. 

In addition to compressional inflow and decompressional outflow, there are 
other physical factors deserving of consideration as possible contributors to the 
occurrence of compressed air intoxication, namely, diffusion resistance, gaseous 
density and viscosity, all of which gas properties must influence to some degree 
the removal of CO, from the lungs. 

Snell (1896) maintained that the increased density of compressed air decreases 
the diffusion of CO, and for this reason advocated particularly efficient ventilation 
of caissons. The relative importance of the process of diffusion in the exchange 
of O, and CO, between alveoli and trachea under yarious respiratory conditions is 
exceedingly difficult to evaluate accurately, especially since the degree of respira- 
tory distention is not uniform throughout the lungs and varies with changes in 
the type and depth of breathing. Dean and Visscher (1941) state that “it seems 
unlikely that diffusion is directly involved in actual mass movement of air in 
the lung”’ but this interpretation of ‘mass movement”’ of air does not rule out the 
probability of CO. and O. exchange by diffusion processes in the alveoli and 
terminal parts of the lungs. Draper and Whitehead (1944) reported, however, 
that in respiratory arrest induced by pentothal sodium, the diffusion alone, was 
sufficient to supply the O, needs if the environment were largely that of O. and that 
the presence of N, either in the respiratory tract or in the environment impeded this 
diffusion. The outward diffusion of CO, was found to be slower than that of Ov. 

If it be granted that the interface between the inspired air and that in the 
alveoli is of spike shape (Henderson et al., 1915) the gaseous exchange between 
the axial flow and that in immediate contact with the respiratory epithelium of 
the terminal bronchioles, alveolar ducts and alveoli, must be accomplished to a 
large extent by the relatively slow process of diffusion. DuBois (1928) accepts 
the view that the gaseous exchange between alveoli and bronchioles is one of 
diffusion. But even though one be unwilling to agree with this view without con- 
siderable reservation, there can be little doubt but that any diffusion which does 
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occur within the lungs will be affected when the pulmonary gas is highly com- 
pressed. 

The experiments of Haldane, Kellas and Kennaway (1919) show that changes 
in total pressure do influence diffusion resistance and gaseous exchange at the 
lungs; these authors found that the effectiveness of a given alveolar O, tension 
was enhanced by a reduction in the total pressure. It is therefore not entirely 
correct to assume that a 2 per cent O2 mixture at atmospheric pressure will, when 
compressed to ten atmospheres, supply the tissues with the same amount of O, 
as that provided by a 20 per cent O, mixture used at atmospheric pressure; this is 
a point of some pertinence to the making of respiratory gas mixtures for use at 
high pressures. 

If an alteration in diffusion resistance affects the O. supply it must also affect 
the removal of COs, and any interference with CO, removal will contribute to the 
induction of compressed air intoxication. Since very small amounts of CO, ac- 
quire a peculiarly high potency in compressed air or increased O, tensions, even 
those changes in diffusion resistance which under ordinary conditions would be 
inconsequential, cannot be dismissed as insignificant in compressed air. Al- 
though argon is an inert gas and has been considered insignificant biologically, at 
least when present in such minute quantities as found in normal air, its physical 
properties (an atomic weight almost three times that of nitrogen) are such as 
would make it particularly effective in augmenting diffusion resistance were it 
present in any appreciable amount. In highly compressed air, argon (at 10 atms. 
it would be 9.4 per cent of 1 atm.) might very well increase the diffusion resistance 
and so contribute, at least in small measure, to the interference with CO, removal. 

The experiments of Behnke and Yarbrough (1939) in which argon was used as a 
diluent for O, are particularly significant because they point to the importance of 
such physical properties as diffusion, and “respiratory resistance”’ in exposures to 
compressed gas mixtures. A comparison of the subjective and neuromuscular 
effects induced in experienced, emotionally stable, deep sea divers by their ex- 
posure to He-O., N2-O:z (air), and A-O, mixtures at pressures up to the equivalent 
of a 160 foot dive, showed that the He-O, mixture induced the least response; the 
response to the N2-O2 mixture was next in order of severity and the response to the 
A-O, mixture was most intense. The “greater stupefaction and neuromuscular 
impairment” induced by the argon mixture, as compared with that induced by 
the nitrogen (air), was said by the authors to be due to “‘the narcotic effect of 
argon” which “‘is greater than that of nitrogen at high pressures of 4 to 10 at- 
mospheres.’’ Now this order of effectiveness, helium-nitrogen-argon, of the gas 
mixtures in the induction of symptoms of intoxication, is exactly what one would 
expect on the basis of the physical properties of these gases and their influence 
on diffusion resistance and CO, removal. In any case the probability that the 
“narcotic action” of argon, nitrogen and helium may have been due to alterations 
in CO, removal have not been adequately ruled out. 

The density and viscosity of a gas determines to a very large extent its facility 
and type of flow. The exact contribution of these properties to the involvement 
of CO, in the intoxication by compressed air or other gas mixtures under pressure, 
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aside from their influence on diffusion, is problematic, especially since viscosity 
of a gas may be diminished at increased pressure. In the normal lung at atmo- 
spheric pressure these properties would appear to be rather unimportant in pul- 
monary ventilation (Dean and Visscher, 1941). But with compression, especially 
where high pressures are attained, the density is distinctly altered and to such 
degree that a dismissal of this factor as entirely inconsequential is hardly justified 
without more factual evidence. Certainly if there is a flow of gas in the more 
terminal portions of the lung, the diameter of the smaller tubes (0.19 mm., 
Miller, 1937) and the possibility of their active constriction (Macklin, 1929) 
would enhance the importance of any change in the flow characteristics of the 
respired gas. Bayliss and Robertson (1939) localize the “‘viscance”’ of respired 
gas in the terminal bronchioles and at the entrance to the alveoli. This is sup- 
ported by the anatomical findings of Baltisberger (1921) and Miller (1937) who 
described rings of muscular tissue of sphincters between the bronchioles and the 
alveoli in human lungs. 

Behnke and Yarbrough (1939) were unable to detect any difference in re- 
sistance to gas flow of He-O2, No-O» (air), or A-O2 mixtures at atmospheric pres- 
sure, but elevation of the pressure progressively increased the resistance to flow so 
that at 4 atmospheres it was more than 100 per cent above the value for 1 at- 
mosphere. This increase in resistance with increase in pressure is especially 
noteworthy because in actual respiration tests no difference in “respiratory re- 
sistance” could be felt by the subjects breathing these same gas mixtures either at 
atmospheric pressure or at a pressure of 4 atmospheres. At a pressure of 10 at- 
mospheres, however, the subjects ‘‘were able to breathe argon-oxygen for a few 
minutes only because of the increased resistance to breathing and the narcotic 
action of argon.”’ The report of Case and Haldane (1941b) on the increased re- 
sistance to breathing in highly compressed air also points to the practical im- 
portance of the viscosity and increased density of respired gas under conditions of 
compression. 

If diffusion resistance and the resistance to mass movement because of in- 
creased gas density are greater in compressed air than in air at normal pressure 
they should, other things being constant, tend to maintain a supranormal 
alveolar CO, tension. The data of Hill and Greenwood (1906) and of Haldane 
and Priestley (1935) are of interest in this connection; these authors concluded 
that exposure to air at 75 pounds’ pressure did not alter the pulmonary CO, and 
although Haldane and Priestley interpret the data as evidence of a constancy of 
alveolar CO, tension and the regulation of breathing “‘so as to keep the partial 
pressure of CO, steady,’’ an examination of the Hill and Greenwood data as used 
by Haldane and Priestley (table 2) reveals two features relevant to the question of 
the effect of increased pressure on CO, removal—especially if the breathing were 
regulated as claimed. 

The data show first, that with few exceptions the alveolar CO, tension even 
with a relatively small increase in air pressure was higher than that which could 
be accounted for simply by the CO, in the ambient air. Furthermore, this ele- 
vation of alveolar CO, tension could not have been caused by a rapid compres- 
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sional inflow because the rate of compression was very slow. Granting there is 
no increase in metabolism under increased air pressure, this elevation of alveolar 
CO, indicates a retention of CO.. Under such conditions a new set of CO, 
diffusion gradients would be built up; the organism could continue to function at a 
higher CO, level and the subjective symptoms of compressed air viewed as CO, 
effects need not then become progressively more severe as the air pressure is 
maintained. Furthermore as Case and Haldane (1941b) have observed, high 
percentage of CO, at atmospheric pressure do not seem to have any cumulative 
action over prolonged periods of administration. 

The second, and perhaps equally significant feature revealed by the data 
tabulated below, is the fact that the elevated alveolar CO, tension did not drop 
as the pressure was lowered, as it should have done if it simply represented the 
CO, of the ambient air. Even on return to 760 mm. Hg the alveolar CO, tension 
was still above the pre-compression value. This lag in the return to normal alve- 
olar CO, tension perhaps is most logically explained as due to a lag in the post 











TABLE 2 
enupemene ALVEOLAR CO2-PERCENTAGE ALVEOLAR CO? PRESSURE 
PRESSURE 
Hill Greenwood Hill Greenwood 
mm. Hg mm. Hg mm. Hg 
760 4.7 5.3 33.5 37.8 
4,640 0.75 0.9 34.4 41.3 
3,860 0.95 1.0 36.2 38.1 
3,090 1.2 1.3 36.5 39.5 
2,310 1.8 1.8 40.7 40.7 
1,540 2.5 2.7 37.5 40.5 
760 5.0 5.4 35.6 38.5 

















decompression removal of the CO, which had accumulated in the tissues during 
the exposure to increased pressure. 

Reasons why the diminished severity of the subjective and neuromuscular 
reactions to compression by the use of the He-O,. mixture does not constitute 
valid evidence that nitrogen acts as a narcotic have been presented above. To 
these there may now be added several others which involve the physical factors 
under discussion. 

The results of substituting helium for nitrogen in a compression mixture cannot 
be safely considered simply as due to the absence of a direct or narcotic action of 
nitrogen unless such substitution introduces no new physical conditions which 
might at the same time alter the removal of CO,. But obviously enough, the 
substitution of helium for nitrogen in the compression mixture does alter the 
physical factors of resistance to gas flow (Behnke and Yarbrough, 1939), of gas 
density, and of diffusion, all of which may influence CO, removal. The properties 
of helium are such as to facilitate the removal of CO, by diffusion and its use 
should therefore diminish the CO, effects on the organism. Dean and Visscher 
(1941) suggest that the faster rate of CO. diffusion in helium-oxygen mixture 
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than in air may be one argument for the use of helium therapeutically. The 
finding that the use of helium as a diluent for O, diminishes the subjective and 
neuromuscular effects of compression is, then, in accord with what one might 
expect if CO, were the causative agent and such finding therefore fails to provide 
substantiation for the “nitrogen narcosis’’ hypothesis. 

The fact that while the substitution of helium for nitrogen diminishes the in- 
toxicating effects it does not eliminate them (Case and Haldane, 1941) deserves 
particular emphasis in this connection. The report of Behnke and Yarbrough 
(1938) provides additional evidence of the failure of helium to eliminate the com- 
pressional effects of neuromuscular mechanisms. A condensed tabulation of the 
data derived by these investigators from experiments in which a skilled typist 
was subjected to compressed air and to compressed helium-oxygen mixtures is 
presented below in table 3. This shows that while the typing speed was reduced 
by 17.7 per cent when breathing the helium-oxygen mixture at a pressure equiva- 
lent to that of a 250 foot depth, it was reduced only by 5 per cent when breathing 
air at the same pressure. These results are interestingly interpreted by the 
authors who say, ‘‘Impaired judgment, a characteristic effect of high air pressure, 
is brought out by the fact that the typist realizing that he was making errors 














TABLE 3 
| SURFACE | 200 FEET DEPTH 250 FEET DEPTH 
PRESSURE COND. RESPIRATORY MEDIUM | | 
| Air | He-Os | Air He-O: Air He-O: 
Words per min................ | 63.2 | 69.0 Be 63.0 | 60.0 | 55.8 
Errors per stroke............. _ 0.0032 | 0.0052 | 0 


0135, 0.005 0.011 | 0.0057 





while breathing helium slowed down his rate of copy.”” On the other hand, the 
fact that raising the pressure of the He-O, mixture to the pressure equivalent of a 
water depth of 250 feet distinctly slowed the rate of typing, indicates that He-O. 
at increased pressure does alter neuromuscular processes and subjective reactions. 
The failure of the substitution of helium for nitrogen to eliminate the intoxicating 
effects of compression constitutes further evidence for questioning the ‘“‘nitrogen 
narcosis” hypothesis in compressed air intoxication. 

If the intoxication which has been ascribed to “nitrogen narcosis’’ occurs even 
in the absence of nitrogen, some other explanation is obviously called for; in the 
case of the intoxication induced by the argon-oxygen mixture it was concluded 
that argon must have been the responsible agent and that therefore it also must 
possess narcotic properties (Behnke and Yarbrough, 1939); on similar grounds 
narcotic properties must also be delegated to helium. But the intoxicating in- 
fluence of these gas mixtures may, as already pointed out, be more logically ex- 
plained on the basis of an alteration in removal of CO. In any case the data 
at hand do not appear to warrant the conclusion that the intoxicating effects 
experienced when compressed in He-O2, No-O2 or A-O2 mixtures are caused by a 
direct narcotic action of helium, nitrogen and argon on the organism. 

There are several more points relating to the use of He-O, mixtures which 
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would appear to be worthy of brief mention. These concern the effects of shifting 
from one gas mixture to another while the pressure is maintained at a constant 
high level. In shifting from a He-O, mixture at high pressure to air at the same 
pressure, there would of course be no compressional inflow of gas into the lungs. 
One would expect therefore that the symptom onset of compressed air intoxica- 
tion would be somewhat more delayed than in those cases where the increased air 
pressure had been attained by rapid compression. Although no definite experi- 
mental comparison of the time of symptom onset seems to have been carried out, 
Case and Haldane (1941b) report that on shifting from He-O, to air it takes 
several minutes for the subjective symptoms to develop. This delay might be 
interpreted in terms of the “nitrogen narcosis’? hypothesis as the time lapse 
necessary for the narcotic action of nitrogen to become effective; but this delay is 
again well explained on the CO, theory, for in the absence of a compressional in- 
flow the accumulation of CO, would be less rapid and the subjective effects of 
somewhat slower onset than in those situations where compressional inflow oc- 
curred. 

But in spite of the short delay in symptom onset occasioned by the absence 
of compressional inflow the influence of CO, should nevertheless become rapidly 
manifest on shifting from He-O, to air at high pressure. The greater density of 
the air as compared with the He-O, mixture and the increased resistance to CO, 
diffusion attending such a shift would immediately begin to operate in slowing the 
CO, removal, or at least before the air had reached the ultimate respiratory 
epithelium; maximal effects could not be expected, however, until the alveoli had 
been washed free of He. On the other hand any direct narcotic action of Ne 
could not take place until some time after the air had reached the alveoli and was 
present there in relatively high concentration. The effects of CO. retention 
would, therefore, be expected to be earlier in onset than those of any narcotic 
action of N2; but in either case a short delay such as that described by Case and 
Haldane would of necessity be involved. 

If, as some authors have insisted, the onset of subjective symptoms of com- 
pressed air intoxication is “immediate” some other explanation than either 
“nitrogen narcosis”’ or increased CO, will have to be sought. However, if by the 
term “‘immediate”’ a lapse of a minute or so is meant, such immediacy of symptom 
onset is more readily explained on the basis of CO, retention than on that of the 
‘nitrogen narcosis’ hypothesis, especially where compressional inflow occurs. 

The reports of Swindle (1937) and of End (1938) introduce another suggestion 
concerning the action of CO, in compressed air. End (1938) states that “ag- 
glutination of erythrocytes appears to be the primary disturbance in compressed 
air illness and that bubble formation may be looked upon as a serious complicat- 
ing factor.’’ Swindle has maintained that carbonic acid is probably the principal 
known agglutination factor normally present in the body and that this, working in 
conjunction with some unknown factor, promotes intravascular agglutination. 
On this basis End has attempted to diminish the effects of compressed air by 
alkalinization through the ingestion of sodium bicarbonate. To date there ap- 
pears to be no further evidence in support of these contentions and it would ap- 
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pear unlikely that agglutination contributes to the occurrence of the subjective 
symptoms of compressed air intoxication. 

In a problem such as this of compressed air intoxication where the variables 
are exceedingly difficult, if not impossible to control completely, and where the 
evidence indicates a very high probability of an indirect, if not direct, involve- 
ment of several etiological factors, it would appear unwise to insist that the solu- 
tion lies in some single key factor. Certainly the available data do show that the 
presence of nitrogen constitutes an important contributory factor to the occur- 
rence of compressed air intoxication; but an analysis of those data reveals no evi- 
dence sufficiently substantial to warrant the conclusion, either that nitrogen 
itself has a direct narcotic action, or that “nitrogen narcosis’’ is the cause of com- 
pressed air intoxication. On the other hand there is an imposing array of evi- 
dence which points to CO, as an exceedingly important, if not the prime, etiologi- 
cal agent, not only of compressed air intoxication but also of argon and helium 
“narcosis.”” The whole question of “nitrogen narcosis’ and CO, influence in 
compressional intoxication calls, however, for further critical experimental in- 
vestigation. 

The present data make it appear highly improbable that either the CO, 
influence, or “nitrogen narcosis’”’ if such there be, operates alone. Increased O, 
tension, especially when present in excess of that equivalent to one atmosphere, 
must also contribute to the response to highly compressed air, either by modifying 
the reaction of the organism to CO, or perhaps by a more direct effect on the cells 
themselves. 

Psychological factors likewise cannot be completely dismissed. The fact that 
so much attention in the selection of the personnel for deep diving is directed to 
psychological and emotional stability is, in final analysis, simply a recognition 
that the physico-chemical adjustment of the so-called unstable individual, when 
exposed to conditions of stress, is peculiarly susceptible to the superimposition of 
the adverse changes inherent in an exposure to abnormal environments. Such 
selection is a general admission that psychological factors do determine in large 
part an individual’s reactions to pressure conditions such as those met in deep 
diving. Because they are psychological renders them no less real and they may 
frequently be more menacing, than those one likes to think of as strictly physiolo- 
gical and with which they are inextricably interwoven. 

III. Errects OF OXYGEN TENSIONS IN EXCESS OF ONE ATMOSPHERE, AS 
INDUCED BY PURE OXYGEN, HYPEROXYGENATED OR NORMAL AIR AT HIGH PRESSURE. 
It is only to be expected that some of the changes induced by O:» enriched air or 
pure O2 at normal barometric pressure would also be seen under conditions where 
the organism is exposed to O, tensions in excess of 760 mm. Hg, which conditions 
are inclusively referred to below as those of O2 at high pressure (OHP). But 
there are some added and distinct effects induced by exposure to OHP, not ob- 
served at lower O2 tensions, which have a somewhat more involved etiology. 
For these reasons the effects of O2 at high pressures appear to warrant considera- 
tion as a special phase of a more inclusive topic, although the line of demarcation 
is not sharp and is admittedly an artificial one. 
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The first investigation of the effects of OHP was that carried out by Bert (1878) 
as a part of his extensive study of the reactions to breathing air and various gas 
mixtures at pressures both above and below that of the normal barometric read- 
ing. The experiments of Boyle (1670) and of Hoppe (1857) had clearly indicated 
that gas emboli would in all probability be an important etiological factor in de- 
compression illness but it was Bert’s animal experimentation which first demon- 
strated unequivocally that the real cause of this illness was the formation of N» 
bubbles in the blood and body fluids on decompression. His experiments also 
showed that by breathing a gas mixture of high O, and low N:2 content this danger 
of bubble formation during decompression was very appreciably diminished. 
Thus he had anticipated by about a quarter of a century von Schrétter’s sug- 
gestion (1906) that breathing OHP for five minutes to wash the tissues of dis- 
solved nitrogen before decompression was begun, might facilitate safe return to 
atmospheric pressure. But of all his numerous observations, the one which 
seems to have impressed Bert most was the finding that OHP acted like a poison, 
and he concluded that OHP was toxic to every living thing. 

1. Convulsive Seizures. The most striking feature of the toxic action of OHP 
which Bert observed was the occurrence of convulsive seizures. These he de- 
scribed as similar to those induced by strychnine or phenol poisoning. After 
their removal from the pressure chamber, dogs were observed to be in a state of 
tonic rigidity. He concluded that these convulsive attacks were due to the action 
of the high O, tension on the C.N.S.—a presumption which he maintained was 
substantiated by his observation that chloroform inhalation arrested the attacks 
and that the influence of OHP on peripheral tissues was not such as could cause 
the attacks. 

Interestingly enough, many of the seizures which he observed appeared during 
or just after quite rapid decompression, so that some of these attacks must have 
been complicated by decompression phenomena. His results must have been 
further complicated by his failure adequately to rule out the influence of CO, in 
the respired gas, and by his use of highly compressed air. (See section on etiology 
below.) | 

The susceptibility to the convulsant action of OHP, Bert found, varied in 
different animals, e.g., small birds were convulsed by O: at pressures of three at- 
mospheres or an equivalent of air at fifteen atmospheres of air pressure, but dogs 
were more resistant and required about four atmospheres (380 per cent of an at- 
mosphere). If, however, the exposures were prolonged, convulsive seizures oc- 
curred even at lower pressures. Thus Bert recognized three important determi- 
nants in the precipitation of the convulsive attacks; the individual susceptibility 
of the animal; the intensity of O. pressure; and the duration of the exposure. 
Lehmann (1884) disputed Bert’s interpretation and maintained the convulsions 
were modified asphyxial convulsions. 

Bert’s early observations find confirmation in the reports of many subsequent 
investigators. Thompson (1889) placed pigeons and a monkey in a pressure 
chamber and raised the pressure to 30 pounds (gauge) by the addition of O, (i.e., 
an environment equivalent to 2.2 atmospheres of pure O.). The pigeons became 
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drowsy and while the monkey was at first playful it gradually became dyspneic 
and the respiratory rate rose from 35 to 70 per minute. Raising the pressure to 
35 pounds caused some slight convulsions in the monkey, but they disappeared on 
decompression. There was no evacuation of urine or feces during the attacks. 
In other experiments Thompson placed a guinea pig, a dog, and an alligator in the 
chamber; the dog had a convulsion in 15 minutes at a gauge pressure of 60 pounds 
(4.2 atmospheres of O.). The pressure was then lowered to 45 pounds and the 
animals appeared normal. After 75 minutes of exposure at this pressure and a 
subsequent slow decompression to normal pressure the alligator was still un- 
affected, but the dog and guinea pig both died in convulsions. ‘This experiment, 
with several others,” Thompson says, “shows that the higher animals are sooner 
affected by pressure than the lower. The monkey was asphyxiated before the 
pigeons, the dog before the guinea pig.”’ 

The absence of any apparent effect in the alligator on the one hand and the 
lethal action on the guinea pig and the dog on the other, suggests that cold-blooded 
animals are somewhat more resistant to OHP than are warm-blooded. This 
would seem to be borne out by the finding of Cleveland (1925) that some frogs 
survive O, at pressures of 3.5 atmospheres for 65 hours, which is in accord with the 
reports regarding the effects of O2 at atmospheric pressure on cold-blooded ani- 
mals referred to in section I. 

Thompson, like Bert, also described post decompressional effects. Three 
pigeons were subjected to O» at a pressure of 40 pounds (gauge) for 90 minutes. 
Only one of these was convulsed and on removal from the chamber it remained 
for some time with the muscles in a curious condition of rigidity and contracture; 
all attempts at moving it threw it into violent convulsions. The bird lay on its 
back for four days with neck and legs strongly flexed. ‘Thompson thought that 
these peculiar symptoms may have been due to the pressure affecting the surface 
of the brain unduly through an opening in the skull which had previously been 
made for other experimental purposes, rather than to any influence of oxygen. 
The other two pigeons survived and were normal. 

Thompson observed further that air pressure of 8 atmospheres caused con- 
vulsions in a dog on its first exposure. The next day the same animal exposed a 
second time was convulsed by O, at 5 atmospheres; 6.3 atmospheres caused ex- 
ceedingly violent convulsions. It was also found that whereas after decom- 
pression from 8 atmospheres of air pressure the animal was normal, after de- 
compression from QO, at 6.3 atmospheres the animal had tremors, inco-ordination, 
salivation, staring eyes, and jerky dyspneic respiration, but there were no rales in 
the chest. Ether was given to control the convulsions which continued for some 
time and the animal survived. 

Smith (1899) made a somewhat more extended study of the effects of OHP and 
noted that mice, rats, guinea pigs, small birds and pigeons responded to OHP in a 
manner essentially similar to that described by Bert. The occurrence of con- 
vulsive seizures while the animals were still under pressure was, however, more 
commonly observed. Restlessness, dyspnea, and minor temporary muscle 
spasms frequently preceded the convulsive attacks. Smith reasoned that if 
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OHP were toxic to the C.N.S., it should also cause damage to those tissues, par- 
ticularly the lung, through which it had to pass on its way to the C.N.S. His 
post mortem examinations of the exposed animals revealed very distinct and 
often extensive lung damage, thus verifying his contention. It was also found 
that the tension of O: required to elicit the convulsive reaction was much higher 
than that required to produce the pulmonary damage and that when the lungs 
were thus damaged the tension required to produce convulsions was higher than 
when the lungs were normal. 

Hill and Macleod (1903c) confirmed Smith’s experimental results but their 
animals were somewhat more resistant to the toxic action of OHP. Smith had 
reported that O, at a pressure of 1.8 atmospheres caused death in about 24 hours 
and that O, at 3 atmospheres produced pulmonary inflammation in about 5 hours, 
whereas Hill and Macleod observed no symptomatic changes in a mouse after 6 
hours of exposure to O. at 3atmospheres. One animal survived 9 hours’ exposure 
to O2 at 4 atmospheres; cleaning movements, salivation, and jerky deep respira- 
tion preceded the convulsive attack which was followed by coma. Death, it was 
found, might occur even in the absence of convulsions, for some rats died after 
becoming simply dyspneic and comatose. At Oz pressures of 3 to 3.5 atmospheres 
no convulsions were observed, but at 4 to 5 atmospheres they commonly were 
seen in mice, rats, rabbits and cats. Exposures of mice and birds to Oz pressures 
of from 6 to 25 atmospheres quickly caused intense dyspnea and coma, but no 
convulsions; O2 at from 50 to 70 atmospheres instantly threw mice into convul- 
sions resembling those of acute asphyxia and death rapidly followed. 

It was also noted that animals sometimes showed marked reflex hyperexcita- 
bility after decompression and occasionally violent tetanic spasms were evoked 
by handling the animals—an observation which had been made previously by 
Thompson (1889) and Bert (1878), and more recently confirmed by Ozorio de 
Almeida (1934) and the reviewer (1940, unpublished data). No convulsions 
were observed by Hill and Macleod in compressed air at pressures as high as 
twelve atmospheres during compression; this the authors thought was because 
under these conditions ‘‘the process of intoxication was too gradual.” 

Ham and Hill (1905) found that cats were convulsed in six minutes by O: at 50 
pounds’ pressure and in eighty minutes by %, at 23 pounds. There was no re- 
lationship between the size of the animal and the time of onset of convulsions. 
Because of the danger of O, convulsions these authors believed that it was unsafe 
to use von Schrétter’s method of decompressing divers in O, pressures of 50 
pounds and upwards. The authors claimed also that “any diving apparatus 
fitted with an oxygen cylinder, in place of air-pump and tube, is obviously too 
dangerous to use for many minutes at pressures over 25 pounds and should not 
be used for more than thirty minutes at that pressure.”’ Some years later, how- 
ever, Hill’s opinion concerning the danger of O. was changed (Twort and Hill, 
1912) and he recommended the use of O, under pressure as an aid in prevention of 
caisson sickness (see OHP in decompression, below). 

Bean (1931) observed that pure O, at slightly over 3 atmospheres caused con- 
vulsive attacks in dogs anesthetized with urethane. Phillips (1931) found that 
exposure to O, at pressures of 45 pounds quickly leads to convulsions in animals. 
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In mice and rats the convulsive period was preceded by extensive washing opera- 
tions which later changed into running convulsions; after a few seconds these 
were usually followed by a period of inactivity. When the pressure was lowered, 
convulsions were again observed, even in some animals which had not been con- 
vulsed while under the increased pressure. In O2 at pressures below 45 pounds 
animals were found to be quite free from convulsions but in prolonged exposures 
they seemed to become stuporous. 

The observation that convulsive seizures are not infrequently precipitated 
during decompression from high oxygen pressure calls attention to the possibility 
that O2 emboli might be the responsible agent, especially since O2 bubbles have 
been found in the blood of animals rapidly decompressed from OHP (Hill and 
Macleod, 1903c; Dorello and Rowinski, 1938). Hill and Macleod (1903c) were 
of the opinion that those convulsions observed in their own experiments during 
decompression from high O, pressure were embolic effects. Convulsions which 
occurred during rapid decompression from compressed air were soon followed by 
paralysis but those occurring in decompression from high O, pressures continued 
to be excited because, as the authors suggested, the O» set free maintained the life 
of the tissues. 

Hill (1912) further maintained that ‘“‘The convulsions which Bert details as 
occurring in dogs are clearly decompression results, and due to the effervescence 
of oxygen gas in the central nervous system. The convulsions which occur dur- 
ing compression are due to the high tension of the oxygen in solution in the tissue 
lymph. They occur by no means constantly, but only in certain individuals and 
under certain conditions. Often dyspnoea, coma, and paralysis come on without 
any marked stage of exaltation. There is one sign of excitement which is almost 
always present in mice, and that is rapid cleaning movements of the face. The 
convulsions seem never to occur when the QO, tension is below 300 per cent at- 
mospheres, or above 600 per cent atmospheres, excepting the instantaneous con- 
vulsions which precede the death of animals exposed to enormous pressures such 
as +60 to 70 atmospheres. We may assume that with pressures below 300 per 
cent atmospheres O, the amount of gas in solution is not sufficient to excite; that 
with pressure above 600 per cent atmospheres O, the inflammation of the lungs 
causes the collapse of the animal.’ 

The presence of O. bubbles in the blood, however, does not heeaieneiia result in 
convulsions. Dorello and Rowinski (1938) found that O, bubbles which formed 
in the mesenteric blood vessels of guinea pigs on rapid decompression from a 20 
minute exposure to O, at 5 or 6 atmospheres caused no untoward symptoms and 
disappeared in from 2 to 4 minutes or less; recovery was complete. Human sub- 
jects exposed to O» at from 3 to 4 atmospheres for 30 to 40 minutes also withstood 
rapid decompression without showing any subjective or objective symptoms. 

There is substantial evidence that those reactions precipitated by decompres- 
sion from OHP are attributable to factors other than that of O2 bubble formation. 
Ham and Hill (1905) in testing von Schrétter’s suggestion that divers exposed to 
compressed air should wash out the nitrogen dissolved in their tissues by breath- 
_ ing pure O, for 5 minutes before decompression, found that experimental animals 
were intensely convulsed by rapid decompression following a five minute ex- 
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posure to O2 at a pressure of 20 atmospheres, yet an examination of the blood 
showed surprisingly few bubbles. Further evidence that bubble formation is not 
the sole, or even the chief cause of these decompression convulsions is the diffi- 
culty which has frequently been experienced in safely returning dogs to at- 
mospheric pressure even where O, bubble formation has been eliminated by very 
slow decompression after exposures to OHP for several hours (Bean and Rott- 
schafer, 1938). Similarly the reviewer has found that convulsive seizures com- 
monly occurred in unanesthetized rats during very slow decompression from 
relatively short exposures to OHP; these again cannot be explained as due to 
bubble formation. Some rats are peculiarly susceptible to audiogenic convul- 
sions so that the noise of escaping gas during decompression may contribute to 
the precipitation of the decompressional convulsions. 

The responses of isolated smooth muscle (Bean and Bohr, 1940) indicate that 
decompression from OHP does not immediately initiate recovery, indeed de- 
compression appears at times actually to cause a temporary exacerbation of the 
effects induced by the OHP. It may be that this decompressional effect, which 
cannot be. explained either by bubble formation or lung damage, is a response 
caused by a shift in function of enzyme mechanisms within the tissues. The 
situation would then be essentially similar to that proposed above as a possible 
explanation for the failure of animals adequately to readjust themselves to normal 
atmospheres after having been “‘acclimatized’”’ to O, rich atmospheres at normal 
pressure. 

Shilling and Adams (1933) described experiments on guinea pigs, rabbits 
and cats in which successive O, convulsions, characterized by extensive rigidity 
of the entire body, occurred at short intervals; these seizures later became con- 
tinuous and ended in death. No attacks occurred in a two hour exposure to O, 
at gauge pressures of 35 pounds or below, but all species developed convulsions 
within two hours at pressures of 55 or 60 pounds. Considerable individual varia- 
tion in the susceptibility to O. convulsions was noted. Rabbits were more sus- 
ceptible than guinea pigs and rats; cats were relatively quite resistant. The lung 
damage induced by the O, and the occurrence of convulsions were not causally 
related. These authors believed their results “constitute a warning against the 
uncontrolled use of pure oxygen for rapid decompression of divers and in the sub- 
marine ‘lung’ when escaping from great depths.” Ozorio de Almeida (1934) 
likewise found both convulsive responses and pulmonary pathology occur in 
animals as a result of exposure to OHP. 

Dionessow et al. (1934) in accord with other observers, noted convulsions in 
warm blooded animals exposed to O, at pressures up to 8 atmospheres and re- 
marked that there were wide individual differences in susceptibility, but contrary 
to the reports of others (Hill and Macleod, 1903c). Dionessow et al. found frogs 
were immune to the convulsant action of OHP. The authors maintained that the 
susceptibility in the higher animal forms is directly related to the greater C.N.S. 
development. Iwanow et al. (1934) reported that decerebration and removal of 
the optic thalamus prevented the convulsive seizures of O. poisoning as did also 
certain types of anesthesia. 

Morphine-urethane as used in routine anesthesia however does not prevent Oz 
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convulsions, although with heavy doses of such anesthetic the severity of the at- 
tacks is diminished (Bean, 1929, 1931). Shilling and Adams (1933) reported that 
nembutal and veronal prevent the convulsions but not the lung damage of O- 
poisoning. In dogs anesthetized with sodium diethylbarbiturate, Behnke, Shaw, 
Shilling, Thomson and Messer (1934) observed modified convulsive seizures, 
characterized by violent spasms confined to the muscles of the head, neck and 
thorax, and accompanied by a pronounced respiratory reaction. Bert (1878) 
found ether anesthesia relieved O2 convulsions. 

Pure O, at atmospheric pressure tends to diminish the depth of anesthesia 
(Davidson, 1925); and when the O, pressure is increased to several atmospheres 
the release from anesthesia appears to be even more rapid and pronounced (Bean, 
1931). Such an effect introduces the complicating possibility that reactions 
interpreted as convulsive seizures in anesthetized animals may in actuality repre- 
sent a struggle of the animal due to lowered anesthesia. 

In order to eliminate the complicating influence of OHP on chemical anesthesia, 
Bean and Rottschafer (1937, 1938), unaware of the report of Iwanow et al. (1934) 
resorted to decerebration and decortication as a means of anesthesia for experi- 
ments to becarried out with OHP. Contrary to the observations of Iwanowet al. 
it was found that severe convulsive attacks involving clonic and tonic features 
occurred in both the decorticate and decerebrate animals. The onset of such 
attacks was usually heralded by a distinct twitching of the external nares, lips, 
or some other facial muscle. Alterations in respiration always preceded the con- 
vulsive seizures. These respiratory changes were usually typified by a gradually 
developing hyperpnea which became jerky, irregular and panting in nature; 
later there developed a deepening and slowing with pronounced dyspnea. The 
expiratory effort became progressively more violent and assumed the appearance 
of a tonic convulsive expiration involving the greater part of the body muscula- 
ture and was broken by rapid gasping inspirations. The convulsive response 
spread also to the inspiratory phase and breathing was frequently stopped tempo- 
rarily; clonic limb movements unrelated to the respiratory cycle merged into a 
tonic reaction and the animal attempted to assume an opisthotonic position. 
Dilatation of the pupils, exophthalmos, excessive salivation, emesis, relaxation 
of sphincters with resulting defecation and urination were commonly observed 
during the seizures. It was also shown that the functional activities of the caro- 
tid sinuses and bodies, as well as of the aortic arch and aortic body and pulmonary 
nervous mechanisms are not essential to the occurrence of the convulsive seizures 
of O, poisoning. Considerable individual variation was found in the suscepti- 
bility of decerebrate animals to the convulsant action of OHP just as there is in 
chemically anesthetized and non-anesthetized animals. 

Preceding the convulsive attacks in O2 at about 5 atmospheres, unanesthe- 
tized rats appear to experience various paresthesias. This is suggested by the 
peculiar behaviour of the animals; in addition to the twitching of facial muscles, 
the restlessness and face washing described by several investigators, the animals 
shake themselves intermittently and vigorously as though drying their fur and 
subject their genitalia to industrious cleansing processes. Male rats which have 
experienced O, convulsions almost invariably were found to have a very adherent 
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cast of hardened ejaculate of waxy consistency which filled the prepuce and 
urethra. In rats so affected by OHP as to render cleaning themselves impossible 
this cast unless manually removed, remained adherent for days, completely 
plugging the urethra. It is important, therefore, that male rats which have ex- 
perienced O, convulsions be examined and the urethral cast removed if the animal 
is to be used for subsequent study (Bean, 1941). 

Ozorio de Almeida (1934) reported that the susceptibility to the toxic action of 
OHP was increased by successive exposures; this sensitization, it was claimed, 
applied not only to the convulsive response but also to the pathology induced in 
the lung. This sensitization was observed even in animals exposed for periods 
too short to induce any obvious toxic symptoms and those animals which on re- 
moval from the OHP appeared to be entirely normal were convulsed in a much 
shorter time when exposed again after a 24 hour interval, than were those not 
previously exposed. The increased sensitivity to OHP persisted for three or four 
days after an exposure, then gradually disappeared. This persistency of an in- 
creased sensitivity indicates that the animals do not completely or immediately ~ 
recover on decompression. Further evidence that recovery is not complete even 
several days after decompression is the retention of a hyperexcitability and the 
change from a docile to a combative attitude (Ozorio de Almeida, 1934; Bean and 
Siegfried, 1943). Young animals were found by Ozorio de Almeida to be more 
resistant to the convulsant effect of OHP than adults, and starved animals with- 
stood the OHP better than the well-fed. The observation that young animals 
are more resistant to the toxic action of OHP than old finds confirmation in the 
report of Prikladowizki (1936). 

Hederer and Andre (1940) summarize the progressive responses which they 
observed in a rabbit exposed to O2 at a pressure of 8 atmospheres absolute as 
follows: 





DURATION OF 





EXPOSURE OUTSTANDING SYMPTOMS 
minuies 
1-5 Erection of ears with dilatation and redness of the blood vessels 
5-10 Spasm of superciliary, orbicular and masseter muscles; trembling of 
the lips; protrusion of the eyeballs 
10-15 Agitation and restlessness, spasmodic trembling of the limbs and 
trunk; partial or general rigidity; emission of urine 
15-18 Convulsive epileptiform crisis with violent torsion of the trunk, somer- 


saults, movements of the distal portion of the feet, revulsion of the 
eyeballs, hyper-extension of the head 


18-22 Four more crises resembling combined general convulsions to the 
phase of tetanic rigidity 

22-28 Succession of three severe crises as of the preceding type with muscu- 
lar jerks localized (lips, masseters, limbs) in muscle groups commonly 
employed 

29-32 Animal “‘affalé’’, motionless, slowed respiration (25-30) some clonic 


muscular shaking 
32-36 Coma with superficial respiration and arrhythmia, death 
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The lethal and the convulsive threshold for animals in terms of duration of ex- 
posure and O, pressure and that which was considered as the threshold for safety 
in man have been graphically represented by Hederer and Andre (1940) and are 
redrawn below. 

Hederer and Andre maintain that the acute intoxication by O, follows the 
general law of mass action; that this acute intoxication which they designate as 
the ‘‘Paul Bert Effect” is reversible, but that the ‘Lorraine Smith Effect” (lung 
pathology) is an irreversible process. Both effects are thought to be operative in 
OHP and cannot easily be separated by the use of certain degrees of pressure. 
These authors, like Ozorio de Almeida (1934) and Dionessow et al. (1934), found 
that animals which had suffered one exposure to OHP were more susceptible to 
the toxic action in subsequent exposures, a result which again implies there are 
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Fig. 1. Curve 1 represents the threshold for lethal intoxication; curve 2, threshold for 
convulsive intoxication; curve 3, the safe threshold for man in diving and salvage apparatus. 
(Redrawn after Hederer and Andre, Acad. Med. 123: 294, 1940.) 


residual effects of exposure to OHP and that recovery is not complete on de- 
compression. 

Their results also confirm the finding of Ozorio de Almeida (1934), as do those 
of Campbell (1937a), that starvation plays a protective réle against the occur- 
rence of O, convulsions. Carbon dioxide, added to the OHP in small amounts, 
was found precipitates convulsive seizures, thus emphasizing the importance 
of CO, in O2 poisoning. Strychnine, it was found, accentuates the O, poisoning 
but barbiturates exercise some antagonistic action, retarding, diminishing, and 
even stopping the convulsions. 

Williams and Beecher (1944) describe various stages in the development of 
poisoning by OHP in Drosophila analogous to the motor disturbances and con- 
vulsions induced in mammals by OHP. An initial period of excitation is followed 
by loss of both reflex wing movement and initiation of flight; stiffening of the legs 
ensues and there is a loss of spontaneous movement and reflex excitability. 
These observations are somewhat at variance with the report of Bert that while 
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beetles and similar forms of life are killed by OHP they do not show any excita- 
tion or reaction analogous to convulsions. 

The observation by these investigators that CO, enhances the toxic action of 
OHP on those forms of life devoid of hemoglobin is particularly noteworthy and is 
in accord with a similar enhancement which occurs in higher forms (Gesell, 1923; 
Hill, 1933; Shaw et al., 1934; Hederer and Andre, 1940, and others). Twenty- 
four hours after a 1 hour exposure to O» at a pressure of 5 atmospheres, recovery, 
judging from wing beat frequencies, was apparently complete but there were 
residual effects following exposures of 2 hours’ duration. The inability of 
Drosophila to fly in air compressed to 10 atmospheres as observed by Case and 
Haldane (1941) may have been due in part then to the effects of OHP in addition 
to the increased density of the air which those authors implied may have been 
the cause. 

Valenzuela (1887) appears to be the first to have subjected man to Oy» at pres- 
sures slightly greater than one atmosphere for therapeutic purposes, and Boycott, 
Damant and Haldane (1908) breathed O, at a pressure of 1.7 atmospheres for a 
few minutes without experiencing any untoward reactions. But Bornstein 
(Bornstein and Stroink, 1912) is to be credited with being the first investigator 
willing to risk exposing himself to OHP to a point of eliciting subjective and 
neuro-muscular responses. He experienced muscular cramps after a 50 minute 
exposure in QO, at a pressure of 3 atmospheres. The observations of Bornstein 
and Stroink concerning the convulsive responses and pathologic lung changes in- 
duced in dogs and rats by OHP, conform with those described by the earlier in- 
vestigators. 

Thompson (1935) reported that in 1933 two British naval officers using them- 
selves as experimental subjects found that breathing O, at a pressure of 45 pounds 
caused symptoms of convulsions in 16 and 13 minutes. In one, violent twitching 
of the face occurred but this was relieved by shifting to breathing air; in another 
there was twitching of the lips but in spite of shifting to air this passed into clonic 
convulsions and a loss of consciousness. 

Behnke, Johnson, Poppen and Motley (1935) found that one of their human 
subjects after breathing O, at four atmospheres for 43 minutes experienced a 
transient syncope associated with blanching of the face, sweating of the hands, 
absence of radial pulse and a drop in blood pressure. Inhalation of air brought 
about what appeared to be an immediate and complete recovery. Another sub- 
ject in a similar exposure felt well for 43 minutes; no significant changes occurred 
in the pulse rate, the blood pressure, the respiratory rate or minute volume, but 
during the 44th minute a temporary twitching of the left eyebrow was observed. 
The subject then uttered a short cry and developed a convulsion characterized 
in the beginning by violent tonic movements, and then by clonic contractions of 
the muscles of the head, trunk and extremities. Cyanosis did not occur and 
sphincter control was maintained. With subsidence of the convulsive move- 
ments the subject was in a stuporous condition for about 13 minutes. During 
this period the face turned an ashen gray color, beads of perspiration appeared on 
the forehead and breathing became stertorous. When he regained consciousness 





b<) 


30g ee ele ae an” an en 








EFFECTS OF OXYGEN AT INCREASED PRESSURE 87 


20 minutes after the onset of the convulsion, the subject thought he had fallen 
asleep. Recovery was said to have been complete. 

In another series of experiments Behnke, Forbes and Motley (1936) found that 
during the first three hours of exposure of a man to Os: at a pressure of 3 at- 
mospheres, there was a moderate facial pallor, dilatation of the pupils, impair- 
ment of visual acuity, and a rise in diastolic blood pressure, but no “‘distressing”’ 
symptoms. A period of threatened attack came on abruptly during the fourth 
hour and was characterized by dizziness, nausea, and a feeling of impending col- 
lapse, an increase in pulse rate, a rise in both systolic and diastolic blood pressure 
of 15 to 20 mm. Hg, rapid contraction of the visual field to a 10° circle, and failure 
in visual acuity for form and color. Left temporal hemianopsia and unequal 
dilatation of pupils was observed in one subject. Consciousness was retained, 
but the subjects looked dazed and partially stupefied. Recovery was gradual 
and took place within about 20 to 60 minutes after removal from OHP. The 
persistence of effects for such a length of time after decompression illustrates 
further that the effects of exposure to OHP are not immediately reversible on de- 
compression, as has been claimed by Shaw, Behnke and Messer (1934). 
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TABLE 4 
DEPTH OF H20 MINUTES DEPTH OF H:0 MINUTES 
100 60 200 6 
120 20 250 4 
150 8 300 3 

















The British Admiralty Committee observed that men sitting in a chamber of Oy» 
at a pressure of 3 atmospheres showed no abnormal symptoms, but that in diving 
trials where the men were at work, O2 pressures of even less than 2 atmospheres 
caused abnormal behavior and loss of memory (Haldane and Priestley, 1935). 
These effects the authors say “were strongly suggestive of some influence on the 
brain similar to that arising from low oxygen.” The more pronounced response 
in actual diving trials as compared with those observed in the compression cham- 
ber tests, finds confirmation in observations of Behnke and Yarbrough (1938) who, 
as has been mentioned above in connection with ‘nitrogen narcosis,” found that 
the response to compressed air in actual diving was much more severe than that 
elicited by the same air pressure in an experimental compression chamber. 
Jenkinson (1940) agreeing with the data of Damant states that it is unlikely that 
convulsions will appear at various pressure in less than the time presented in 
table 4. The only premonition was said to be a twitching of face muscles and 
paresthesia in the extremities. 

Haldane (1941) reported that in O, at 7 atmospheres convulsions came on with 
little warning, but that there was a slight feeling of anxiety. The clonic seizures 
were very violent and caused a back injury which was painful for more than a 
year. These seizures lasted for about two minutes and were followed by flac- 
cidity. That author says: ‘I wake up into a state of extreme terror in which I 
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may make futile attempts to escape from the steel chamber, whereas, like others, 
I am quite calm on recovery from carbon dioxide nitrogen narcosis.... At 7 
atmospheres five minutes’ exposure is about the limit tolerated. It is obvious 
that convulsions of this sort would be fatal if they occurred while a man was wear- 
ing an escape apparatus under water.”’ An inadvertent exposure of the same 
subject (J.B.S.H.) to O. at 10 atmospheres also resulted in a severe convulsion 
(Case-and Haldane, 1941b). The observation of making futile attempts to escape 
from the chamber is of particular interest for it has been reported that some divers 
at great depth have been so affected as to attempt to unscrew the face plate of 
their diving helmet—an aberration which some would attribute to nitrogen 
effects. 

2. Breathing. Although Bert claimed that compressed air caused a change in 
position of the diaphragm and an increased thoracic capacity because of mechani- 
cal factors, he apparently considered that such changes were not of any determin- 
ing significance in the response of animals to OHP. He recognized, however, 
that changes in breathing constituted a prominent feature of the convulsive at- 
tacks induced by O, at pressures of about 3 atmospheres. During these attacks 
the breathing was observed to be very deep and precipitous and in successive at- 
tacks it became slower and sometimes completely stopped. On the other hand, 
he had also observed that sometimes the respiratory rate was as high as 50 to 70 
per minute, especially in birds. Lehmann (1884) maintained that the response of 
mice and birds to OHP was essentially respiratory, the dyspnea, characterized 
by slowed deepened breathing became convulsive and was asphyxial in type. 

Thompson (1889) reported that although breathing in O, at atmospheric pres- 
sure was not materially different from that in air, in O, at a pressure of 2 at- 
mospheres, respiration became jerky and dyspneic. The frequency of breathing 
in animals with complete collapse of one lung was found to be reduced both by 
compressed air and compressed O, but he thought that under such conditions 
the mechanical effects of the increased pressure added greatly to the distress of 
the animal. 

Smith (1899) observed in his experimental animals exposed to OHP that em- 
barrassment of respiration and dyspnea set in some time before death. Hill 
and Macleod (1903c) considered “‘gaping” and jerky, deep respiration as symp- 
toms which precede the convulsions of vertebrates exposed to O, at pressures of 
from 4 to 5 atmospheres and that dyspnea precedes the coma induced by exposure 
to Oz at pressures of from 6 to 25 atmospheres. Lehmann (1884) and Hill (1906) 
stated that OHP kills as if by asphyxia. Dautrebande and Haldane (1921) re- 
ported that breathing Os, particularly at increased barometric pressure, increases 
breathing. Gesell (1923) observed dyspnea in rats exposed to OHP, and finding 
also that the respiratory response to CO, was more pronounced under such con- 
ditions than in air at normal pressure, suggested that the effects of OHP on 
breathing warranted closer study. ‘That such a study was in order was indicated 
also by the limited data and the fact that practically all of them had been derived 
simply from observations made through windows in the pressure chamber walls. 
The problem obviously called for newer methods of investigation. 











EFFECTS OF OXYGEN AT INCREASED PRESSURE 89 


It has been argued by some that to obtain reliable data the pressure chamber 
in such investigations should be such as to admit the operator and observer him- 
self; that argument is, of course, quite valid for investigations on man, especially 
when subjective reactions are concerned. On the other hand, the presence of the 
observer within the chamber introduces a very distinct disadvantage and in some 
cases a new source of error, the importance of which has not always been recog- 
nized. Where the observer is exposed to the increased pressure, whether it be 
air or Oz, he too becomes an experimental animal and the data obtained under 
such conditions may completely lose their objectivity or be seriously distorted. 
This point has been emphasized (Bean and Rottschafer, 1938) and finds some of 
its best support in the observations of those investigators (Behnke et al., 1934) 
who have advocated the exposure of the observer to the increased pressure along 
with the experimental animal. For example, it has been found (Behnke, Thom- 
son and Motley, 1935) in an observer exposed to increased air pressure of from 3 
to 4 atmospheres that ‘‘the palpation of the pulse of another worker was ac- 
complished only with extreme difficulty” and that there was ‘‘partial stupefac- 
tion.”’ All of the entire group of laboratory workers so exposed were reported to 
be affected emotionally, mentally and neuromuscularly, to such a degree that 
normal conduct could be maintained only with a great degree of self-control, 
that the mental activity was slowed and the responses to visual, auditory, olfac- 
tory and tactile reception were delayed; errors were frequently made in arith- 
metical calculations and in the recording of data. 

The findings of Case and Haldane (1941b) offer further evidence that when 
possible the observer should not be subjected to the’same conditions of pressure 
as the animal to be studied. These authors state that in air at increased pressure 
“Tt is quite imperative that no great trust should be placed in human intelli- 
gence....’’ One of their subjects who was-a “responsible scientist at atmo- 
spheric pressure” was detected ‘‘cheating”’ in a manual dexterity test while under 
pressure. The effects described by Case and Haldane have been attributed to 
increased nitrogen tensions, but increased tension of O2. may also deprive the in- 
vestigator of his objectivity; a man, who, after breathing OHP for 43 minutes 
**. .. suddenly experienced a transient syncope associated with a blanching of the 
face, sweating of the hands, and absence of the radial pulse” (Behnke et al., 1934) 
would seem to be in no condition to make objective observations. The report of 
Barcroft (1938) concerning subjective effects of CO: is also of interest in this con- 
nection. 

It would appear from the literature, then, that except where the observer’s 
own subjective responses are under investigation, the data obtained through an 
operator who is himself subjected to the same pressure as the experimental animal 
are very probably highly coloured by his own psychological, neuromuscular and 
mental responses and should be accepted only with considerable reservation. It 
is of paramount importance, therefore, that, wherever the investigations on high 
O. or air pressure permit, the regulation of the experiment and observations 
should be made by operators from without the compression chamber. 

Many of the disadvantages encountered in the use of either the older methods 
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of simple visual observations or in those methods necessitating the presence of the 
operator within the chamber have been circumvented by the use of apparatus 
(Bean, 1929, 1931) which permits the continuous graphic recording of breathing 
and respiratory minute volume, blood pressure, heart rate, volume flow of blood, 
and blood acidity changes. Such apparatus also provides means of observing 
blood color changes, of sampling the continuously circulating blood, and of mak- 
ing intravenous injections while the animal is maintained at high pressure, yet the 
animal remains throughout, as completely under control as it would were the 
operator with it inside the chamber. Graphic recordings of respiration obtained 
by these methods showed that exposure to O, of from 3 to 5 atmospheres caused a 
gradual increase in respiratory minute volume. Usually both increased rate and 
depth of breathing were evident, but very commonly the increased depth was the 
more prominent change. Not infrequently there occurred an initial slowing of 
breathing immediately after raising the pressure. In the shorter exposures 
{about one hour duration) the increased respiratory minute volume induced by 
the OHP was reversed by decompression to atmospheric pressure. The experi- 
ments of Shilling and Adams (1933) likewise emphasize the respiratory response 
to OHP. They found that in guinea pigs the respiratory rate was increased 
during the early minutes of exposure to increased oxygen tension, then slowed 
somewhat but the dyspnea just preceding the convulsions was in all cases quite 
marked. 

In decerebrate animals exposed for more prolonged periods to OHP the con- 
vulsive seizures were usually preceded by a relatively sudden alteration in the 
hyperpnea induced by OHP (Bean and Rottschafer, 1937, 1938). These altera- 
tions showed considerable individual variation, but as a rule there occurred a 
secondary slowing of the respiratory frequency as the exposure was continued. 
Each rapid gasping inspiration was immediately followed by forcible expiration, 
rapid in the early part of the phase, but slower as the expiratory force was 
mobilized from an involvement of practically the whole body musculature in a 
tonically spasmodic expiration. A shift from OHP to air at the same pressure 
very commonly was followed by a partial return toward the normal breathing. 
Great difficulty, however, was experienced in returning the animals to O, at one 
atmosphere pressure after exposure of 3 to 6 hours in O» at pressures of 5 at- 
mospheres, even though the decompression was carried out well within the range 
of safety from bubble formation. 

During decompression from prolonged exposure to OHP the respiration not un- 
commonly diminished, in both depth and frequency, to complete cessation and 
after a period of apnea, followed by a few short terminal gasps, the animal died. 
Recompression in O, during the apneic period frequently caused a resumption of 
breathing. This difficulty in returning the animals to atmospheric pressure after 
prolonged exposure to OHP recalls that encountered in returning animals to 
normal atmospheres after their prolonged residence in hyperoxygenated air or in 
pure O:, at atmospheric pressure. There are, no doubt, some etiological features 
common to both conditions, e.g., an alteration of pulmonary membranes and 
perhaps incompletely or slowly reversible changes in the respiratory enzyme 
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mechanisms of tissue cells; but it may be worthy of note that whereas return to 
mormal air after prolonged exposure to O2 at atmospheric pressure is attended by 
hyperpnea and dyspnea, the return to normal pressure after exposure to OHP is at 
times attended by apnea. 

The respiratory response observed during the prolonged exposures to OHP was 
frequently so very similar to that induced by cold block application to both vagus 
nerves while breathing O, at atmospheric pressure as to suggest that the OHP 
had effected a functional vagal block, at least in so far as respiration was con- 
cerned (Bean and Rottschafer, 1938). These same investigators also found the 
hyperpnea and the convulsive respiration induced by OHP was not dependent 
upon either the carotid bodies and sinuses or upon the aortic bodies and mechano- 
receptors in the aortic arch, although it was noted that such reflex mechanisms do 
contribute to the reactions to OHP elicited in the intact animal. 

The respiratory response to OHP is not identical in all animals, and, like the 
susceptibility to the convulsive action of OHP, shows considerable individual 
variation. In some animals exposed to OHP the breathing after an initial 
hyperpnea becomes periodic (Bean, 1932). This periodicity varies in degree and 
type, in some instances very prolonged apneic periods (30 min.) have been re- 
corded. Accompanying this respiratory periodicity are equally pronounced 
rhythmic changes in volume flow of blood. Occasionally it has been noted that 
those few animals which failed to respond to OHP by hyperpnea have succumbed 
early in the exposure; this has been especially true in decerebrate animals, and 
suggests the importance of the compensatory function of hyperpnea in OHP. It 
has also been noted (Bean and Rottschafer, 1938) that the respiratory and neuro- 
muscular responses to OHP in animals which were decerebrated under temporary 
evipal anesthesia were much less pronounced than in those prepared under 
ether. 

Behnke, Shaw, Shilling, Thomson and Messer (1934) and Shaw, Behnke and 
Messer (1934) have also noted the spasmodic nature of the respiratory response 
to OHP, as a part of, or very closely associated with, the convulsive seizures in 
dogs anesthetized with sodium diethyl barbiturate. These authors reported 
that in dogs which suffered O, convulsions, normal breathing was resumed on 
shifting from OHP to normal air, and that recovery was immediate and com- 
plete. In human subjects it was observed (Behnke, Johnson, Poppen and 
Motley, 1935) that although breathing O, at a pressure of 4 atmospheres might 
cause hyperpnea, severe O2 convulsions sometimes occurred without any preced- 
ing respiratory, circulatory or subjective changes. 

3. Metabolism. (a) Respiratory exchange. Bert (1878) found that both the 

- CO, exhaled and the O, absorbed by his experimental animals were decreased as a 
result of exposure to OHP; these changes were accompanied by a decrease in 
body temperature. The validity of Bert’s results has been questioned by Krogh 
(1916). But Hill and Macleod (1902, 1903a,b,c) also found a diminished CO, 
output and O2 absorption and a drop in body temperature in mice, rats and young 
rabbits exposed to O» at pressures of one atmosphere and above, and maintained 
that such metabolic changes are a sign of O, poisoning. In further agreement 
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with Bert these authors observed similar effects were induced by compressed air 
at pressures above 5 atmospheres. 

According to Bert air at a pressure of 10 atmospheres exerts the same effects 
and gives the same diminution of CO, output and O, absorption as Os: at a pres- 
sure of 2 atmospheres, but Hill and Macleod (1903c) found air at a pressure of 10 
atmospheres to be more damaging than O, at 2 atmospheres. They considered 
that the diminution of CO, in the expired air of animals breathing OHP and com- 
pressed air at pressures up to 100 pounds “‘. . . might conceivably be due to one of 
two causes, to some impediment to the excretion of CO, from the blood in the 
lungs, in which case the CO, content of the blood would rise, or to diminished oxi- 
dation in the tissues, in which case it would fall. Our present results,” they said, 
“would so far tend to point to the latter as the more probable condition’”’ (Hill 
and Macleod, 1903a). They later concluded that compressed air at 5 at- 
mospheres and upwards diminished the CO, output and increased the loss of 
body heat. ‘The lessened CO, output is due to the high partial pressure of 
oxygen which arrests the oxidation processes in the tissues. A partial pressure of 
100 per cent atmosphere of oxygen has this effect, and the effect increases with the 
partial pressure” (Hill and Macleod, 1903b). 

In subsequent studies on man concerning exposure to air pressures as high as 
75 pounds, Hill and Greenwood (1906) obtained data which ‘“‘... support the 
conclusion that changes in the percentage of carbon dioxide in the alveolar air 
depend solely upon physical conditions. No increase or decrease in the pul- 
monary output of CO, occurs. Metabolism then, in so far as it can be determined 
by an investigation of the alveolar air, is not affected by increasing the baro- 
metric pressure. It is scarcely necessary to add that this criterion is by no means 
adequate to sustain the final conclusion that metabolism is, in fact, unaltered by 
the atmospheric conditions; so far as it goes, however, it is in favor of such an in- 
ference.”” They concluded, ‘It is probable . . . the changes in the percentage of 
carbon dioxide in the alveolar air are conditioned solely by physical variations, 
and not by an increase or diminution in the respiratory metabolism.” Hill 
(1906, 1912) reiterates conclusions previously stated (Hill and Macleod, 1903b) 
that compressed air or increased O, pressures diminish metabolism. Bean (1929, 
1931) found that the O, absorption of anesthetized dogs was diminished by their 
exposure to O, at from 3 to 5 atmospheres. 

(b) Nitrogen metabolism; blood chemistry. Bert claimed that increased O» 
caused a diminution in the urea output. Hill and Macleod (1903c), questioning 
Bert’s urea data on the grounds of insufficient preliminary determinations and 
because some of the data was frankly suggestive of error; carried out three test 
experiments on three dogs, one of which succumbed on the second day of ex- 
posure to compressed air at a pressure of from +7 to +8 atmospheres. They 
found no evidence of any consistent alteration in urea output, but it would ap- 
pear on examination that these experiments, like those of Bert, were not entirely 
satisfactory and that they offer no very conclusive evidence concerning the effects 
. of OHP on nitrogen metabolism. Shilling et al. (1934) report that dogs exposed 
to O» at about 45 pounds’ gauge pressure showed no significant changes in urine 
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from normal, although in most cases it was of high specific gravity at the end of 
the experiments. 

The changes in blood chemistry reported by some authors may be a reflection 
of alterations in metabolism induced by OHP. Bert found that the destruction 
of blood glucose was diminished in animals by their exposure to OHP. Iwanow 
et al. (1934) reported an increase in blood sugar and dismissed the supposition 
that O2 convulsions were of hypoglycemic origin. Somewhat similarly, Shilling 
et al. (1934) reported that in animals which had had convulsive attacks in OHP, 
there was an increased glucose and phosphorus content of the blood but that in 
nonconvulsed animals there was no change. While the elevation in blood sugar 
and phosphorus found by these authors in the convulsed animals was considered 
by them to have been the result of the toxic effect of the OHP, they concluded 
that such elevation was not the cause of either the convulsions or the lung damage 
found in the animals. Determinations of non-protein nitrogen, chlorides, cre- 
atinine, calcium and potassium of the blood showed either no change, or where 
changes did occur they were apparently not related to convulsive seizures or other 
symptoms of O2 poisoning. Ishikawa (1939) reported that the blood sugar was 
increased, but that the blood lactic acid, albumin, and the colloidal osmotic pres- 
sure of the serum was decreased in rabbits which had been exposed to compressed 
air at from 60 to 130 pounds’ pressure. Bean and Haldi (1932) found a reversible 
increase in blood lactic acid of urethanized dogs exposed to O, at pressures of 5 
atmospheres and suggested this may have been due to alterations in oxidative 
mechanisms. 

(c) Body temperature. In considering changes in body temperature as an 
index of metabolic alterations induced by exposures to OHP several physical 
factors are worthy of attention. Hill and Macleod (1903c) reported that the in- 
creased thermal conductivity of the compressed gas contributes in large measure 
to the lowering of the body temperature observed in animals exposed to com- 
pressed air or toOHP. In addition to this factor of conductivity, however, there 
is also the possibility that the environmental temperature changes occurring as a 
result of rapid compression and decompression introduce significant complica- 
tions, not only because of the direct effect which such environmental changes 
would have on body temperature but also because of the influence they would 
exert secondarily on metabolism and physiological processes, through the changes 
in body temperature. 

The observation (Case and Haldane, 1941b) that the heat developed ‘“‘due to 
adiabatic compression”’ was of such magnitude as to cause discomfort in human 
subjects is of interest in this connection. Another possible physical source of 
error and one which may be very significant where body temperature changes are 
at best not great, is the mechanical effect of pressure on some thermometers. 
The reviewer has observed that even with pressures as low as 50 pounds this error 
may amount in some cases to as much as 1°C. 

Bert (1878) reported that exposure of animals to OHP caused a drop in body 
temperature as great as 10°C. but the readings were taken after decompression. 
Valenzuela (1887) observed that exposure of a pneumonia patient to O: at a pres- 
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sure of about 1.5 atmospheres resulted in a lowering of the temperature to 1.7°C. 
Thompson (1889) noted a decrease in the body temperature of monkeys, pigeons, 
guinea pigs and dogs on their return to normal atmospheric pressures after ex- 
posure to OHP. A guinea pig which died in convulsions three minutes after re- 
moval from the pressure chamber showed a drop in temperature of 14°C. The 
body temperatures of a dog and a guinea pig which had suffered convulsions on 
decompression from an exposure to O2 at a pressure of 4.2 atmospheres for one 
hour were decreased; both animals succumbed. Thompson, however, stated that 
the temperature change was “‘in no wise associated with an increase in the O, 
absorbed.” On the other hand the temperature of an alligator which had been 
exposed to the OHP along with the dog and guinea pig, but which showed no 
symptoms of O, poisoning either during the exposure or on decompression, in- 
creased from 51.25°F. to 75°F. (environmental temp. had been 66°F.). Cleve- 
land (1925) reported that frogs were more resistant to OHP than warm-blooded 
animals. Such results suggest that this greater resistance of poikilotherms to the 
convulsant and toxic action of OHP is related to inherent metabolic processes as 
seems to be true also for the greater resistance offered by these animals to the ad- 
verse effects of increased O, tensions at atmospheric pressure. (See section I.) 

No definite change in rectal temperature was observed in dogs during their ex- 
posure to O, at pressures of from 3 to 5 atmospheres at 25°C. for periods of about 
2 hours (Bean, 1931). Ozorio de Almeida (1934a) however found a decrease in 
rectal temperature of animals exposed to OHP and concluded that a decrease in 
organic oxidations is the essential characteristic of poisoning by OHP. Di- 
onessow et al. (1934) also found a decreased temperature in exposures to OHP. 
Hederer and Andre (1940) noted a small decrease about 1°C in the body tempera- 
ture of rabbits on their return to normal atmospheric conditions after exposure to 
OHP. 

(d). Alterations in metabolism induced by artificial means and their effect on the 
response to OHP. Some further data concerning the relationship between me- 
tabolism and the effects of OHP have been obtained from various experiments in 
which exposure to OHP was combined with procedures which are known to, or 
thought to, alter metabolism. Ozorio de Almeida (1934b), in attempting to in- 
crease the destructive action of OHP on tumors through metabolic changes, used, 
in preliminary experiments, injections of dinitrophenol, benzole, paradichloro- 
benzene, quinine, nitrate and nitrite of sodium, methylene blue, prolan, and also a 
preparatory period of anoxemia. Starvation was found to increase the resistance 
of the animals to poisoning by O, at high pressure. This effect of the nutritive 
state of the animal on its susceptibility to O2 poisoning has been confirmed by 
Campbell (1937a, b) and Hederer and Andre (1940). 

In further attempts to alter the susceptibility of animals (80 gram rats) to O2 
poisoning, Campbell (1937b, 1939) administered a number of preparations; 
thyroxin (0.4 mgm.), dinitrophenol (1.5 mgm.), actetrahydro-B-naphthylamine 
(0.5 cc., 1 per cent), adrenaline (0.02 mgm.), pituitary extract (posterior lobe, 
above 3.5 units), insulin (0.025 U), and eserine (0.045 mgm. administered with 
atropine 0.075 mgm.), and ergotomine (slight effect), enhanced the O2 poisoning. 
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Glucose injections did not alter the effects of OHP, which is perhaps significant in 
view of the observation that a well-fed animal is more susceptible to O: poisoning 
than one which has been starved. Histamine, curarine chloride, acetylcholine 
(with eserine and atropine) were also without effect on O, poisoning, although 
some increase in histamine has been found in the blood in animals poisoned by Or. 
Urethane in the usual doses was found to have no effect on O, poisoning, but dial 
did exert some slight protective action. 

Barbiturates have also been reported (Hederer and Andre, 1940) to exert a 
protective action, and Behnke, Shaw, Shilling, Thomson and Messer (1934) be- 
lieved the convulsive attacks were modified by barbital anesthesia—only two out 
of nine dogs so anesthetized had convulsive seizures. In experiments where 
Evipal was tried as a transient anesthesia for decerebration (Bean and Rott- 
schafer, 1938) the animals were less reactive to subsequent O, exposures than 
were those decerebrated under ether or urethane; Evipal, it appeared, exerted 
some residual effect, but whether this lack of response represents a protective in- 
fluence may perhaps be debated, since some animals that fail to show an increased 
respiratory reaction succumb early in the exposure to OHP. The protective 
effect of anesthetics is thought by Campbell (1939) to be due to their lowering the 
metabolism of the organisms. Strychnine has been found to accentuate the O, 
convulsions (Hederer and Andre, 1940). 

Campbell (1937a, b) interprets the fall in body temperature which has been 
reported by many investigators to accompany O, poisoning as a protective re- 
action on the part of the animal to the increased O, tension. He found that when 
the environmental temperature was raised to 38°C. few rats survived thirty 
minutes’ exposure to Os» at pressures of six atmospheres, whereas in an environ- 
mental temperature of 24°C. there were few deaths. Removal of the thyroid 
gland was found to increase the resistance of the rats to O2 poisoning, even when 
the environmental temperature was raised to 33°C. Hypophysectomy had some 
but less protective action than thyroidectomy. Comparable enhancement of the 
toxic action of OHP by elevation of the environmental temperature was also 
found by Williams and Beecher (1944) in experiments on Drosophila at 34.2°C., 
the rate of poisoning by O2 at a pressure of 5 atmospheres was about 8 times as 
rapid as at a temperature of 14.4°C. 

4. Circulation. Blood pressure, pulse rate. The circulatory effects of breathing 
OHP will depend, in large measure, upon the general response of the animal to 
OHP; e.g., it would be expected that the blood pressure response in an animal 
which had reached the convulsive stages of O2 poisoning with its violent motor 
responses might be quite different from that in an animal which had not attained 
that degree of intoxication. It may be well, therefore, to keep in mind the pos- 
sibility that the circulatory changes which occur as a result of violent motor re- 
sponses precipitated by OHP may completely mask some of those circulatory 
changes which are truly representative of the more immediate action of OHP. 

Hill and Macleod (1903c) found that the blood pressure and pulse rate of an 
anesthetized dog were unchanged by rapid compression to, or decompression 
from, an O, pressure of 3 atmospheres. Similarly the circulation in a chloralized 
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rabbit was not altered by exposure to O: at a pressure of 6 atmospheres, but rapid 
decompression was attended by a rise in blood pressure which, the authors sug- 
gested, was due to the noise of the escaping air. This absence of any distinct 
change in blood pressure during compression to O, pressures as high as 6 at- 
mospheres has been confirmed in anesthetized and decerebrate dogs (Bean, 1929, 
1931; Bean and Rottschafer, 1938). In 60 experiments (urethane anesthesia) 
in which the duration of the exposure to OHP was such as to avoid pronounced 
convulsive seizures (about one hour), the blood pressure increased in five instances 
while in the others there was either no significant change or a slight decrease. 
These results would seem to indicate that, except for a slight tendency to rise, 
the blood pressure is not appreciably affected by O, at pressures of from 3 to 6 
atmospheres if the animal has not approached the convulsive stage. 

In a study of the circulatory effects of compressed air on 13 human subjects 
(experienced divers) Hawkins, Shilling and Hansen (1932) found that exposure to 
compressed air (an O2 equivalent of about 1.2 atmospheres) caused the average 
pulse rate to rise from 68 per minute to 73 per minute; the average systolic and 
diastolic blood pressures increased slightly (2 mm.), but the pulse pressure and 
circulation were not appreciably changed. Case and Haldane (1941b) reported 
that exposure of human subjects to compressed air (O. equivalent of 2 atmos- 
pheres) caused an increase in heart rate, but that the changes in the systolic blood 
pressure were not uniform—some showed an increase while others showed a de- 
crease. 

Shaw, Behnke and Messer (1934) observed that in dogs anesthetized with 
sodium diethylbarbiturate, O. at 4 atmospheres caused an immediate or delayed 
drop in blood pressure which persisted for as long as 3 hours, but usually this 
fall was rapid and terminated in the death of the animal in less than an hour from 
its onset. These authors maintained that ‘. . . in every case in which convulsions 
occurred there was a preceding fall in blood pressure and conversely we may ex- 
pect that a fall in blood pressure will be followed by convulsions.”” They con- 
cluded that a drop in blood pressure was the first sign of the toxic action of OHP. 
However, where artificial hyperventilation was performed during the exposure to 
OHP in an attempt to keep the alveolar CO, low, the blood pressure was main- 
tained at about normal level except for an initial drop in blood pressure attributed 
to “‘the mechanical interference with the filling of the right heart when the dog 
resisted the rhythmic action of the respirator.” 

In later work (Behnke, Johnson, Poppen and Motley, 1935) it was reported 
that there occurred no changes in blood pressure of four men as a result of their 
exposure to O2 at pressures as high as 4 atmospheres, except in two subjects. In 
one of these there was a drop in blood pressure; in the other there was no change 
in blood pressure or pulse rate for 44 minutes of exposure, at the end of which 
time there developed without any warning, violent convulsions from which con- 
sciousness was regained twenty minutes later. The blood pressure was appar- 
ently not followed during this seizure but it can hardly be assumed that it re- 
mained unchanged. The absence of any premonitory drop in blood pressure 
in this second subject emphasizes the inadequacy of the generalization that the 
convulsive seizure is heralded by a drop in blood pressure. 
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Data from a subsequent series of experiments (Behnke, Forbes and Motley, 
1936) show that in the first hour of breathing O2 at 3 atmospheres—the systolic 
pressure in human subjects had fallen from 132 to 100 mm. Hg while the diastolic 
pressure of 86 mm. Hg had changed but little. However, after an exposure of 
three hours the pressure had gradually risen to 150/104. The authors state that 
‘impending collapse was always signalized by an increase in pulse rate, rise of 
both systolic and diastolic pressure of 15 to 20 points....” This latter observa- 
tion is in line with other experimental findings (Bean, 1931; Bean and Rott- 
_ schafer, 1938) derived from urethanized and from decerebrate dogs in which a 
gradual rise in blood pressure preceded, and a further rapid rise in blood pressure 
accompanied, the onset of convulsive seizures; similar blood pressure changes oc- 
curred after the denervation of carotid sinuses and bodies. It has been pointed 
out (Bean and Rottschafer, 1938) that blood pressure changes—particularly a 
drop—are not a reliable index of the onset of O2 poisoning; the toxic effects of 
OHP are continuous and gradual in their development and one of their earliest 
manifestations is an alteration in breathing. 

Numerous workers have reported that exposure to OHP causes a slowing of 
the pulse rate (Bert, 1878; Hill and Macleod, 1903c; Hill, 1912; Dautrebande 
and Haldane, 1921; Bean, 1929, 1931; Behnke, Johnson, Poppen and Motley, 
1935; Whitehorn and Bean, 1942). This seems to justify the generalization that 
OHP causes a slowing of the heart but one qualification for the acceptance of this 
generalization would appear again to be an absence of the complicating features 
of convulsive seizures or collapse. A reversible slowing of the pulse was found 
(Bean, 1931) in urethanized dogs exposed to O2 at pressures of from 3 to 5 at- 
mospheres for periods of 45 to 90 minutes, provided no convulsions occurred. 
Behnke, Johnson, Poppen and Motley (1935) report that no significant altera- 
tions in pulse rate occurred in a man exposed to 4 atmospheres of O:2 for 43 min- 
utes. In another of their subjects there was an absence of radial pulse during 
collapse after a similar exposure, and although Behnke, Forbes and Motley (1936) 
found that in a 3 hour exposure to O, at 3 atmospheres pulse rate fell from 90 
to 57 per minute, it subsequently rose and led those authors to conclude that an 
increase in pulse rate always signalizes “impending collapse.’’ An increase in 
pulse rate just preceding and even during convulsive seizures has been recorded 
in decerebrate dogs (Bean and Rottschafer, 1938). 

It has been noted (Bean and Rottschafer, 1938) that the tachycardia which 
results from vagal sectioning is not prominently altered by the subsequent ex- 
posure of the animal to OHP. This was interpreted as an indication that the 
bradycardia which occurs so commonly in animals with intact vagi during expo- 
sure to OHP for periods of subconvulsive duration is mediated via the vagi, and 
that any slowing influence which might possibly be exerted by the OHP directly 
on the heart, or through the sympathetic innervation may be completely masked 
by vagal sectioning. 

The increase in heart rate which has been observed so frequently with the 
onset of O. convulsions in animals with intact vagi and which follows the initial 
cardiac slowing induced by the OHP may perhaps be explained as due to a second- 
ary chemical blockage of vagal fibres (Bean and Rottschafer, 1938). This in- 
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terpretation of the late tachycardia in exposure to OHP finds support in the 
report of Hill and Macleod (1903c) that in the frog heart the vagus nerve endings 
seemed to be paralyzed by OHP. 

Bert (1878) noted that the hearts of animals which had succumbed to Oz poi- 
soning were still reactive to artificial stimuli but he recognized that OHP af- 
fected cardiac function; in his protocols on the frogs which had been exposed to 
OHP, he made the notation that the ventricular pulsations were irregular and 
few in number, whereas the auricles continued to beat (40 per min.). Such an 
alteration in cardiac rhythm might, of course, have occurred as a terminal 
change—particularly since the frog heart is so susceptible to changes in pH 
(Clark, 1913; Daly and Clark, 1921), but it suggests that the OHP may have 
caused heart block, although no point was made of this. Bert also demonstrated 
that isolated frog’s heart suspended in the vitreous humor of a dog was not only 
completely arrested by exposure to O- at pressures of 10 atmospheres for 6 hours 
but that it lost its excitability, while the control hearts, especially the auricles, 
remained active and excitable. He concluded that the pace setter or ganglion 
of the heart was arrested much more rapidly than occurred in normal air and 
that the muscular elements and nerve ganglia were killed by OHP. 

Hill and Macleod (1903c), however, found that the heart of a frog exposed to 
QO, at pressures as high as 50 atmospheres was not rapidly poisoned and continued 
to beat more than an hour under such pressure. Inhibition of such hearts by 
artificial excitation of the sino-auricular junction was readily induced, but excita- 
tion of the vagus was without effect. Lehmann (1884) found that excised frog 
hearts did not stop beating until after 9 hours of exposure to O, at pressures of 
from 10 to 14 atmospheres. Bean and Bohr (1938a,b) and Bohr and Bean (1939) 
found that O, at from 70 to 80 pounds’ gauge pressure acting on excised frog ven- 
tricles caused an initial increase followed by a late decrease, in the contraction 
strength, a delayed slowing in frequency, and an eventual cessation of automatic 
contractions. The pace setter was observed to be much more susceptible to 
the OHP than the contractile mechanism; the muscle remained excitable to 
artificial stimuli long after cessation of the normal beat. The conductivity ap- 
peared to be initially improved; possible late effects were not apparent in these 
experiments. In mammalian hearts it has been shown from E.K.G. records 
(Bean and Whitehorn, 1941; Whitehorn and Bean, 1942) that O2 at pressures of 
about 5 atmospheres does not cause any very rapid alterations in the conductive 
mechanisms but the P-R interval is frequently very distinctly prolonged and 
some features simulating those observed during low O, administration are present 
in the longer exposures. 

Blood vessel caliber and volume flow of blood. If, as the evidence presented in 
section I would indicate, O, at atmospheric pressure induces a slight vasoconstric- 
tion, it would be only reasonable to suppose that a similar but more pronounced 
effect might be induced by OHP. The problem, however, is not quite so simple, 
since OHP introduces other complicating influences. 

The experiments of Poiseuille (1835) and of Hill and Macleod (1902) indicate 
that OHP administered by the use of highly compressed air causes no alteration 
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in caliber of peripheral vessels. Bert (1878), in examining the eye ground of dogs 
convulsed by OHP, noted they were strongly injected, which observation sug- 
gests vasodilatation rather than constriction. Dautrebande and Haldane (1921), 
using an alteration in alveolar CO, as a criterion of a changed blood vessel caliber, 
have maintained that the breathing of OHP induces a central vasoconstriction 
which acts to protect the C.N.S. against the toxic effects of excess O2. The 
validity of their argument may be seriously questioned, however, especially since 
in their experiments no attempt was made to control either pulmonary ventila- 
tion or metabolism. (See section I.) 

A more direct method of determining the influence of OHP on the volume flow 
of blood through the brain, based on the experimental evidence that the flow 
through the carotid artery parallels the vertebral flow (Bronk and Gesell, 1927) 
was used in more recent investigations (Bean, 1929, 1931). In 28 experiments 
on urethanized dogs the volume flow changes in the carotid artery were followed 
continuously throughout exposures to O, at pressures of about 5 atmospheres for 
periods of from 30 to 90 minutes; no significant alterations were found except 
in three animals in which there was a small increase in volume flow. Such re- 
sults would seemingly justify the conclusion that those vessels which distribute 
the carotid blood are not significantly constricted by breathing O, at 5 atmos- 
pheres for the periods mentioned, and that if there is any sharply localized por- 
tion of the brain which suffers vasoconstriction, the resulting changes in blood 
flow to that area must be so small as to be masked by dilatation elsewhere. 

Further evidence that breathing OHP does not cause central vasoconstriction 
is found in the observations of Behnke, Forbes and Motley (1936) that the caliber 
of the pial arteries of a cat was not appreciably changed by the animal’s exposure 
to Oz» at a pressure of 4 atmospheres. 

There are experimental data which indicate that OHP may cause central 
vasodilatation, rather than constriction, because of the complicating involve- 
ment of CO,. It has long been recognized that CO, acting directly on blood 
vessels may cause a local vasodilatation. Moreover, there is now very con- 
vincing evidence that breathing gas mixtures containing increased CO, at at- 
mospheric pressure results in a very pronounced dilatation in the pial vessels 
of cats, and that such dilatation overshadows any slight constrictive action which 
increased tensions of O2 at atmospheric pressure might exert (Wolff and Lennox, 
1930). Similar dilating action of CO, on cerebral vessels was found by Forbes 
(1928). The results of experiments by Gibbs, Gibbs and Lennox (1935) show 
that cerebral blood flow (internal jugular vein) in man is increased by breathing 
gas mixtures high in CO, content and that any vasoconstricting influence of O, 
is masked by the greater dilating effect of COs. Schmidt (1934) and Schmidt 
and Pierson (1934) reported that CO, causes vasodilatation in hypothalamic 
and medullary tissues of the brain. 

The importance of CO, as a causal or contributing factor in poisoning by OHP 
has been recognized by numerous investigators (Thompson, 1889; Gesell, 1923; 
Bean, 1929, 1931; Campbell, 1929; Hill, 1933; Shaw, Behnke and Messer, 1934) and 
the experimental data now available leave little doubt but that under OHP there 
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is an accumulation of CO, in the tissues; this COs, in conjunction with other and 
possibly more direct effects of OHP might well result in a central vasodilatation. 

Behnke, Forbes and Motley (1936) found that CO, administered to a cat 
during its exposure to O, at a pressure of 4 atmospheres caused an immediate 
and striking dilatation of the pial vessels. Inspection of their plotted data (fig. 
2 below) from one experiment reveals two additional features not mentioned by 
the authors but which may be of considerable importance. First: the vessel 
diameter when the animal was exposed to air at 4 atmospheres’ pressure was 
greater than when exposed to air at normal pressure, which suggests that com- 
pressed air or its increased O, tension caused vasodilatation. Second: during the 
first five minutes of breathing OHP the gradient of calibre decrease was tempora- 
rily sharper than that obtaining under an equal pressure of air, but following this, 
the vessel calibre remained,constant at its precompression value until CO, was 
administered some few minutes later. The sequence of changes in this second 
feature might be interpreted as indicative (1), that OHP causes an initial vaso- 
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Fig. 2. Changes in the diameter of a pial arteriole of a cat breathing a 2 per cent carbon 
dioxide (equivalent to 8 per cent carbon dioxide at 1 atmosphere) and 98 per cent oxygen 
mixture at 4 atmospheres’ pressure. Ordinate, diameter in microns; abscissa, time in min- 
utes. (Behnke, Forbes and Motley. Am. J. Physiol. 114: 436, 1935.) 


constriction but that this is shortly thereafter nullified by some counteracting 
influence which gradually comes into play; (2), that the counteracting influence 
may be an accumulation of endogenous CO: in the tissues. 

In view of these CO, effects, the progressive drop of blood pressure which has 
been observed to precede the onset of O-. convulsions in dogs anesthetized by 
Dial (Shaw, Behnke and Messer, 1934) might suggest a generalized vasodilating 
action of accumulating CO,. On the other hand, the maintained or gradually 
elevated blood pressure of urethanized dogs in the earlier stages of exposure to 
OHP (Bean, 1931) and the sharp rise during the convulsive seizures (Bean and 
Rottschafer, 1937) would suggest that the vasodilatation which might arise 
from the CO, accumulation during OHP exposure is not one of a profound gen- 
eralized nature and that with the onset of strong C.N.S. effects, any peripheral 
vasodilatation is counteracted by vasoconstriction via the centers. 

Evidence of a late peripheral vasoconstriction is found in the blanching of the 
skin in men about to suffer collapse from OHP (Behnke, Johnson, Poppen and 
Motley, 1935). A similar blanching of the ears of rats just before, during and 
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after convulsive seizures in OHP has been commonly observed by the reviewer. 
If such a peripheral vasoconstriction occurs over any very extensive area it might, 
of course, function to maintain or even to increase rather than decrease the blood 
flow to the higher centers. But in any case an evaluation of the evidence as a 
whole does not justify the conclusion that exposure to OHP causes predominant 
central vasoconstriction and decreased flow of blood to the C.N.S. 

Regardless of the state of constriction or dilatation of the blood vessels in the 
C.N.S. the venous blood in animals exposed to OHP comes from the brain in a 
highly oxygenated state, as is seen from its bright red color and from the fact 
that such blood placed under atmospheric pressure froths as a result of the 
escape of the excessive O: in solution in the plasma (Bean, 1929, 1931). Such 
observations clearly indicate that the organism fails to protect its C.N.S. tis- 
sues from OHP by vasoconstriction and that under such conditions the oxy- 
hemoglobin is not normally reduced. Instead of arguing that a vasoconstrictor 
effect of OHP performs a protective function for the C.N.S. one might even more 
logically argue that greater protection might be derived from a vasodilatation 
which would facilitate the removal of the accumulation of CO, and metabolites. 

5. Ferments, Micro-organisms and Enzymes. Bert reported that the potency 
of salivary diastase was not altered by its exposure to hyperoxygenated air at a 
pressure of about 15 atmospheres for 5 days. Similarly pepsin, invert ferment of 
yeast, myrosin and emulsin remained unaltered. In fact according to Bert, 
none of the soluble ferments, referred to by him as “‘false’’ or “‘non-formed’”’ 
ferments because they ordinarily retained their activity after extraction from 
their living source, were adversely affected by their exposure to OHP. The 
toxicity of scorpion venom was likewise reported to be unaltered by such treat- 
ment. Bert argued that this absence of any effect of OHP on these substances 
was to be expected because they were not living cellular structures. The ‘‘true’”’ 
ferments, which in Bert’s terminology were living cellular organisms, were how- 
ever killed by OHP. 

In his study on micro-organisms Bert reported that those responsible for the 
souring of wine were killed by hyperoxygenated air at a pressure of 10 atmos- 
pheres; putrefactive processes were likewise said to have been prevented due to 
the destruction or inhibition of the organisms involved. Blood was preserved 
for days by hyperoxygenated air at a pressure of about 14 atmospheres but 
hemolysis was not prevented. The coagulation of milk, too, was claimed to 
have been arrested by compressed air. Eggs, meat and bread were likewise 
preserved, although they turned acid in reaction, probably due, it was suggested, 
to lactic acid. Molds and yeasts were said also to be killed by ho paneannne 
air at increased pressure. 

Bert reported that what he called “viruses” remained unaffected by their eXx- 
posure to superoxygenated air at increased pressure. This he maintained demon- 
strated unequivocally that they were not living things and that their potency was 
not dependent upon the presence of living organisms or cells. Unfortunately 
the “‘viruses’’ he studied were derived from three diseases (‘‘vaccine’’—probably 
vaccinia; glanders, and anthrax), two of which, anthrax and glanders, are not of 
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virus origin, as he had erroneously assumed. Although Bacillus anthracis was 
discovered two years before LaPression Barometrique was published, the glanders 
bacillus was not demonstrated until 1882. Bert’s own experimental finding that 
glanders bacillus remained virile after 6 days’ exposure to hyperoxygenated air 
at a pressure of 20 atmospheres constitutes evidence against his own strong con- 
tention that such O2 pressures kill every living thing. Spoilage of fruit (‘‘Blet- 
tissement des Fruits’) was reported to have been accelerated, rather than 
stopped, by exposure to hyperoxygenated air at high pressure; Bert concluded 
therefore that that condition could not be caused by any cellular form of life and 
suggested that it was due to some direct oxidation. 

Following this early work of Bert, various reports appeared concerning the 
adequacy of OHP as a sterilizing agent. Schaffer and v. Freudenreich (1891), 
following up some work of d’Arsenval (1891) on the effects of COs, failed to con- 
firm Bert’s contention that OHP killed organisms in milk. DeLavallee (1898), 
however, found that both aerobic and anaerobic bacteria could be killed if the 
cooled milk were exposed to CO, at from 5 to 6 atmospheres’ pressure for from 4 
to 5 hours and then, after the CO, had been permitted to escape, re-exposed to 
O, at 5 atmospheres for 5 hours. Milk so treated, it was claimed, could be kept 
in a fresh condition during transportation by maintaining an O, pressure of 2 
atmospheres in the container. The practicability of the old idea of milk preserva- 
tion by OHP seems to be indicated by the issuance of a U.S. Patent to K. Richter 
in 1941 for a method involving OHP. 

Berghaus (1907) found that while 5 of the 20 different micro-organisms he 
studied were killed by O2 at pressures as low as 2 atmospheres, 15 remained 
viable after a 24 hour exposure to 35 atmospheres. He also reported that CO, 
at high pressures was a much more effective lethal agent than was OHP. Cleve- 
land (1925) demonstrated that many protozoa were readily killed by O» pressures 
at 3.5 atmospheres. He also found there was a differential susceptibility be- 
tween some protozoa and their hosts and suggested that this observation might 
be put to practical use in the defaunation of the hosts. Such procedure has been 
carried out with some degree of success on silkworms by Gibbs and Chen (1929). 
Thaysen (1934) reported that the growth of 4 micro-organisms which he investi- 
gated was retarded by O: at pressures of 10 atmospheres, and that if the temper- 
_ ature were increased slightly above that for optimum growth, O, at 10 atmos- 
pheres’'pressure became lethal for these organisms. Thaysen’s observation on 
micro-organisms is in accord then with those made on animals by Faulkner and 
Moore (1927) and Campbell (1937a, b) on the increased potency of O toxicity at 
increased temperature. The growth of Pneumococcus type I was found to be 
completely inhibited by exposure for 24 hours to O2 at pressures as low as 900 
mm. Hg and none of these organisms survived exposures to O2 of 3650 mm. Hg 
(Bean, 1941). 

These reports of experiments on micro-organisms are of interest for several 
reasons. They clearly indicate that the toxi¢ action of O2 at high pressure is 
not limited to organisms of higher order or to animals having R.B.C.’s and a cir- 
culatory system and they provide experimental basis for seriously questioning 
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Bert’s conclusion that no living thing can endure an O; tension equivalent to that 
of 20 atmospheres of air. That this contention of Bert’s is at least in need of 
some qualification is indicated not only by his own experiment on glanders but 
also by the fact that the cells of swim bladders in deep sea fish are apparently 
immune to the injurious action of O, even at extremely high pressures. The 
swim bladders of deep sea fish contain O2 in concentrations as high as 84.6 per 
cent (Schloesing and Richards, 1896). At depths of 4500 feet where these crea- 
tures live the pressure is in the neighborhood of 136 atmospheres which in terms 
of partial pressure of O. would be about equivalent to 115 atmospheres of pure Os. 

The experiments on micro-organisms also show that in these lower forms of life 
as well as in higher there is a wide individual variation in susceptibility to Oz 
poisoning. Whilesuch variation may be due in part tostructural characteristics, 
it suggests that differences in the respiratory enzyme systems may be responsible. 
The reports that CO, and OHP in combination are more destructive to micro- 
organisms than OHP alone are in accord with the observation that small amounts 
of CO: are particularly damaging to warm-blooded animals and points to the 
importance of increased CO, on primary cellular processes under such conditions. 

6. Isolated Tissue. Iris. Pupillary dilatation has been a common finding in 
animals exposed to OHP (Bert, 1878; Bean, 1931; Bean and Rottschafer, 1938). 
Kodama (1937) found similar effects in air at high pressure; Behnke, Forbes 
and Motley (1936) reported that in addition to causing a contraction of visual 
fields, OHP induced pupillary dilatation. This change might, conceivably, be 
interpreted as arising from some effect of OHP on the autonomic nervous system, 
from a release of humoral substances into the circulation, or from a local action 
on the effector itself. In order to investigate these possibilities, sphincter and 
radial muscles of beef iris were exposed to O, at pressures of from 5 to 6 atmos- 
pheres (Bean and Bohr, unpublished data); such exposures caused a reversible 
decrease in tonus. It was concluded therefore that the central nervous or hema- 
togenous connections are not essential to the occurrence of the pupillary dilata- 
tion induced in animals on their exposure to OHP, although in all probability 
nervous and hematogenous, as well as local effects of OHP, contribute to the in- 
duction of that response. 

Intestinal muscle. Further experimental evidence bearing on the question of 
the site of action of OHP on smooth muscle is found in studies on isolated rabbit 
intestine (Bean and Bohr, 1940); the exposure of longitudinal duodenal muscle to 
O, at about 75 pounds’ gauge pressure resulted in a progressive loss in tonus, a 
decrease and irregularity in the amplitude of the spontaneous rhythmic contrac- 
tions, and a decreased frequency of this rhythm to a point of periodic cessation 
interspersed by spasmodic unsustained increase in tonus. Pyloric sphincter 
tonus was also diminished by OHP. These tonus changes in both longitudinal 
and sphincter muscles were reversed by decompression. 

Atropinization of isolated duodenal and pyloric sphincter muscle preceding 
compression failed to alter the response to OHP. It was inferred, therefore, 
that the peripheral influence of OHP on smooth muscle is due neither to a stimula- 
tion of intrinsic nerve fibers nor to an involvement of acetylcholine but rather 
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to some more direct action on the effector cells themselves; the possibility, how- 
ever, that effects may be mediated by other means in the intact animal was not 
dismissed. Tests of the bath solution showed no increase in lactic acid. 

The response of longitudinal duodenal muscle to OHP was found to be so very 
similar to that induced by low O, tensions and by cyanide as to suggest that it is 
caused by conditions approximating those of anaerobiosis arising from a poison- 
ing of respiratory enzymes. But the finding (Bean and Bohr, unpublished data) 
that OHP caused a sharp drop in the tonus of the pyloric sphincter (rabbit) 
whereas cyanide induced little or no change in that tissue, indicates that the 
mode of action of OHP is not identical with that of cyanide and that it must in- 
volve some other mechanism than the cyanide sensitive cytochrome-oxidase 
enzyme system. A comparison of the effects of OHP on longitudinal duodenal 
muscle and on pyloric sphincter showed that while the tonus of both tissues was 
decreased by OHP, the tonus of the sphincter was much more markedly and 
rapidly depressed than was that of the longitudinal duodenal muscle. Inci- 
dentally, this difference in the reaction to OHP, together with the inverse effects 
induced in these same tissues by cyanide, is highly suggestive that the main- 
tenance of tonus in these two tissues is dependent upon different enzyme systems. 

Striated muscle and nerve. Since sectioning of the motor nerves relaxed the 
spastic muscular contractions of O2 convulsions, Bert concluded that the seizures 
were not caused by the action of the O, on the muscles themselves. He also 
observed that striated muscle in frogs which had succumbed to Oz at pressures 
of 3 atmospheres were responsive to direct artificial stimulation, although spinal 
reflexes could no longer be elicited. In frog muscle-nerve preparations suspended 
for 26 hours in hyperoxygenated air at a pressure of 15 atmospheres, it was found 
that the excitability of the nerve (as determined by muscle reaction) was lost; 
yet the muscle itself was still reactive to direct stimulation. These results sug- 
gest that striated muscle is relatively more resistant to the adverse action of in- 
creased Oy, pressure than is the C.N.S. or nerve fiber, but they do not rule out the 
myoneural junction as the possible vulnerable point of attack on the nerve- 
muscle preparation. 

Valuable as Bert’s experiments on isolated tissues are, they are very few in 
number because, as he said, the results of the few agreed so well with his previous 
expectations that a larger number was deemed unnecessary. His results may 
not truly represent the effects of OHP alone since his tests were made after rapid 
decompression of the preparations to normal atmospheric pressure following their 
exposure to very high pressures. Furthermore, in these, as in so many of Bert’s 
experiments on O, poisoning, highly compressed air or compressed hyperoxygen- 
ated air was used rather than pure Oz, on the assumption that the effects of com- 
pressed air are due only to the partial pressure of the contained Or. 

Hill and Macleod (1903c) performed several experiments on isolated striated 
muscle and nerve preparations in which the tissues were exposed to O, at pres- 
sures as high as 50 atmospheres; no change from the normal was found in the con- 
traction curve of the gastrocnemius muscle recorded under pressure, but the 
curve of the sartorius showed some slight alteration. These data, although 
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limited, again suggest that striated muscle and nerve are quite resistant to the 
deleterious action of OHP. 

The scanty data concerning the effects of OHP on isolated muscle and the 
methods by which they were obtained called for a more careful and extensive 
series of experiments. Bean and Bohr (1938) using photographic methods car- 
ried out experiments on isolated striated muscle, muscle-nerve and reflex prepa- 
rations of frogs. It was found that exposure to O2 at pressures of about 5 at- 
mospheres caused an initial increase in the height of contractions elicited by 
stimulating the muscle directly or through its nerve; subsequently, however, 
there occurred a slowly progressive decrease in height. These effects were found 
to be only partially reversible. The nerve fiber and the myoneural junction were 
apparently no more profoundly affected by the high O, than was the muscle 
itself. This toxic action of OHP was attributed to a poisoning of respiratory 
enzymes. Isolated cardiac muscle has also been shown to be somewhat similarly 
affected by OHP (Bohr and Bean, 1939). 

7. Pathology. Although Bert was aware of the view that breathing O, in 
high concentrations at atmospheric pressure caused lung damage, he made no 
extensive search for possible lung damage in his experimental animals which had 
been exposed to compressed hyperoxygenated air ortoOHP. In the rare exam- 
inations he did make he found neither congestion nor ecchymoses either in the 
lungs or in the nerve centers, but the eyes of a dog which had suffered convulsions 
on rapid decompression revealed hemorrages. 

In sparrows he found pathologic changes in the diploe and meninges which 
he likened to those seen in asphyxia. He says, “On ne trouve ni congestions, 
ni ecchymoses, dans les poumons et dans les centres nerveux. Seulement, d’une 
maniére constante, chez les moineaux, on voit le dipléde cranien rempli d’un 
épanchement en piqueté, en taches plus ou moins grandes, ou méme en nappe, 
envahissant toute la région occipitale, et, dans les cas les plus violents, toute 
l’etendue du créne. Ces suffusions sanguines, dont le mécanisme ne me parait 
point facile 4 expliquer, sont constantes dans |’empoisonnement par |’oxygene. 
Elles arrivent bien avant le moment dela mort. Mais elles ne sont pas spéciales 
& ce genre de mort, et dans les expériences qui précédent on les trouve signalées, 
méme dans l’asphyxie simple, sous diminution de pression.” 

Bert’s experimental procedures in his study of high O2 pressure effects were, 
with few exceptions, such that any pathology which he might have found could 
not be safely interpreted as having been caused by the Oz alone. The decompres- 
sion rates in his dog experiments were entirely too fast (many of them were abrupt 
“‘brusquement’’) to ensure the absence of embolism even if almost pure O, had 
been the compression medium, to say nothing of his experiments in which the 
O, content was only about 60 per cent. Furthermore in most of these experi- 
ments the CO. was permitted to accumulate in the respired gas; in one experi- 
ment the CO, content of the respired gas reached 12.9 per cent. Both of these 
complicating factors may have contributed to the pathology he described. 

The first report that OHP caused lung pathology is apparently that of Thomp- 
son (1889). A guinea pig and a dog which had had convulsions under O2 pres- 
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sure and had died a few minutes after decompression, showed at autopsy, ‘great 
pulmonary congestion” and ‘‘over distention of the right heart.” The other 
viscera were ‘“‘exsanguinated.”’ The decompressions were carried out gradually 
thus eliminating possible complications from bubble formation. 

Smith (1897a, b) found that a mouse breathing O, at pressures of about 2 at- 
mospheres died within 24 hours; its lungs at autopsy were congested, consolidated 
and sank in water; the alveoli were almost completely filled with exudate, and 
the blood vessels were extremely congested. These pathological changes Smith 
’ thought, occurred early in the exposure. The higher the pressure the shorter 
was the time during which the lungs were able to withstand the effects of oxygen. 
Smith claimed that exposure of animals to O, at from 170 to 180 per cent of an 
atmosphere altered the lungs so that they could not “actively’”’ absorb Os. 

In his later work Smith (1899) demonstrated that even at very moderately 
increased pressures of O2 the lungs become “‘inflamed’”’—effects which are remi- 
niscent of the early reports of Lavoisier and Priestley. In O, at 128.9 per cent 
of an atmosphere mice became sluggish after 40 hours and died in 69 hours; the 
lungs at autopsy showed consolidation and congestion. There was also conges- 
tion in the liver, spleen and kidneys. The more characteristic pathology which 
Smith found from exposures to O2 at pressures of between one and two atmos- 
pheres as well as for higher pressures was as follows: “The lungs were deeply 
congested, and sank in the fixing fluid . . . . Spleen slightly enlarged. Other organs 
normal. On microscopic examination, the tissues of the lungs showed intense 
congestion in the large and small blood vessels. The alveoli were to a great 
extent filled with an exudate, which was granular and fibrillated in appearance, 
but did not give the fibrin stain by Weigert’s method, nor with eosin. The 
Weigert’s stain showed one or two streptococci. These, however, were exceed- 
ingly few in number, and as the mice died overnight in a somewhat warm at- 
mosphere, their presence was probably accidental. There were no leucocytes in 
the exudate. The pneumonic condition was universal, and could therefore be 
compared only with the earliest stages of croupous pneumonia. The exudate 
itself was probably the cause of the embarrassed respiration and the animal’s 
death. It is inconceivable that with inflammation so extensive, the animal could 
have survived until the process had developed farther.’”” Mice exposed to Oz 
pressures at from 3 to 3.5 atmospheres became dyspneic and when taken from 
the chamber after about 10 hours died immediately without convulsions; the 
lungs showed these same characteristic changes. 

Smith’s experiments led him to conclude that the action of OHP could be 
divided into two phases: “The one consisting in the slowly developing inflam- 
_ matory effect seen most prominently in the lung tissue. The other a rapidly 
developing effect on the nervous tissue, which we may in the meantime describe 
as functional. ... Both effects persist after the animals have been restored to 
ordinary air, and this, since it is frequently inconsistent with recovery, we may 
regard as indicating a profound change in the tissue cells.’”” Smith emphasized 
that the transition to the pathological stage in the lung was imperceptible. His 
claim that this lung damage temporarily protects the C.N.S. from the effects of 
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breathing OHP, not substantiated by some more recent investigators, has been mis- 
interpreted by some O, therapeutists as an argument that a lung suffering from 
penumonia is less susceptible to the damaging effects of increased O:2 tensions 
than is the normal lung. 

Hill and Macleod (1903c) confirmed the findings of Thompson and of Smith. 
They described changes which in the early stages were characterized chiefly by 
congestion of the alveolar capillaries but later hemorrhagic exudation and con- 
solidation were present. These authors say, ‘“To the naked eye the lungs present 
in the early stages a suffused redness. Patches of more intense exudation occur 
in the apices and edges of the lungs. At a later stage the congestion passes into 
typical hepatization, the lungs sink in water and are of a dark purple colour. 
The penumonia is patchy if quickly, and universal if slowly developed.” In pro- 
longed exposure to O2 at pressures of from 3 to 5 atmospheres, lung changes such 
as described by Hill and Macleod were observed in anesthetized dogs (morphine 
and urethane) by the reviewer in 1929 and these together with the occurrence of 
convulsive seizures necessitated the use of relatively short exposures for the in- 
vestigation of the problem then in hand. Phillips (1931) also found that ex- 
posure of animals to OHP caused penumonia. 

Shilling and Adams (1933) observed lung changes in animals which had been 
exposed to OHP, which they described as hyperemia, severe congestion and 
edema, hemorrhagic exudation, transudation, and acute hemorrhage into the 
alveoli and tissue spaces. Some lungs were almost solid from hemorrhage and 
sank in water. The microscopic studies of the brain and nervous tissue were 
negative. The authors were convinced that lung damage was not the cause of 
the convulsive seizures because there was ‘‘practically no gross lung damage in 
animals autopsied immediately after the first convulsion occurring early during 
exposure to high pressures of oxygen. In several instances animals went on to 
death under high-pressure oxygen with lungs that were not sufficiently damaged 
to account for convulsions due to asphyxia.” 

These experiments of Shilling and Adams, directed toward a study of the use 
of OHP in the decompression of divers, led those authors to the opinion that men 
exposed to increased tensions of O2 would, in all likelihood, have early subjective 
warning of impending lung damage and convulsive seizures because of the prob- 
able irritation of nasal and pharyngeal tissue together with general restlessness. 
It was thought that ‘‘Even after a severe convulsion, recovery would probably 
be rapid and complete if the exposure were immediately terminated.” Behnke, 
Shaw, Shilling, Thompson and Messer (1934) observed pulmonary congestion 
and varying degrees of atelectasis, but ‘‘chemorrhage or edematous exudation into 
the alveoli or bronchi did not occur,” in anesthetized (barbiturate) dogs exposed 
to OHP. 

The findings of Hederer and Andre (1940) are in essential agreement with those 
described by earlier investigators and these authors maintain that the pathology 
induced by OHP is the same as that induced by prolonged exposures to hyper- 
oxygenated air or to pure O2 at atmospheric pressure. 

Ozorio de Almeida (1934) found that one exposure to OHP rendered an animal 
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more susceptible to both the C.N.S. effects and the lung damage of OHP in sub- 
sequent exposures. In addition to lung pathology it was also reported that rats 
exposed to OHP showed atrophy of the testes, destruction of seminal epithelium 
and disappearance of all epididymis spermatozoa; the epididymis, seminal 
vesicles and the prostate, however, were unaffected. Numerous castration and 
basophilic cells were found in the anterior hypophysis. The histologic altera- 
tions were reported to be similar to those produced by radium or x-rays. The 
resulting sterility in the male was irreversible. The female rat was less pro- 
foundly affected than the male and the sterility induced was transient; preg- 
nancy was not interrupted, and the growth of new-born rats was apparently nor- 
mal. It was further pointed out that previously docile rats became combative 
and hyperexcitable after their exposure to OHP. 

This change to belligerency and hyperexcitability following exposure to OHP 
was also observed by the reviewer (1940, unpublished data) but in addition to 
this it was found that these rats, and especially those which had suffered con- 
vulsive seizures, retained a pronounced motor dysfunction predominant in the 
forelegs, which persisted for months. A subsequent study of the phenomenon in 
a long series of animals (Bean and Siegfried, 1943) revealed that this condition 
can be regularly induced in both fore and hind limbs and the general body muscu- 
lature by successive short exposures to OHP over a period of several days. In 
some animals this motor paralysis has been produced without the occurrence of 
convulsive seizures. The extent and degree of involvement depends not only 
on the intensity of the exposure, i.e., the duration, O2 pressure, frequency and 
total number of successive exposures, but also on a rather striking individual 
variation in resistance and recovery. The fact that this condition has now per- 
sisted in survival animals for more than a year after the last exposure without 
significant abatement, is sufficient reason to believe that it is permanent. 

The general features of this dysfunction, particularly the spastic nature of the 
paralysis, are highly suggestive of pathology involving the upper motor neurone. 
While the C.N.S. phase of oxygen poisoning may often appear to be “functional’’, 
as Smith (1899) maintained it was, there can be little doubt but that OHP acts 
on the C.N.S. in more than just a “functional” manner; it leaves a mark on the 
C.N.8. which persists for long periods and which may be made indelible, particu- 
larly with successive exposures. A systematic examination of the C.N.S. of 
animals in which this permanent motor dysfunction has been induced by OHP 
is in progress at the time of writing and while the evidence at hand does not as yet 
justify a final conclusion, the material obtained from preliminary experiments 
has shown definite pathology characterized as a “softening of the white matter” 
in the C.N.S. of animals in which this permanent motor dysfunction has been 
induced. 

Turning to a consideration of the evidence of pathological action of OHP on 
the human organism, one finds it, naturally enough, less voluminous and less 
direct than that derived from animal experiments. Phillips (1931) reported that 
in the Davis Submersible Decompression Chamber “no evil effects, except sub- 
sequent sleepiness” were produced by exposures of men to O» at a pressure of 2 
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atmospheres; in one case functional albuminuria was prevented by such expo- 
sures. 

Smith (1899) maintained that the autopsy findings in fatal cases of caisson 
sickness in men were so similar to those observed in his experimental animals 
poisoned by increased Oy pressure as to justify the belief that O. poisoning con- 
tributed to the occurrence of caisson sickness. This view has found no very 
substantial support. Nevertheless, where the exposures to very high air pres- 
sures are prolonged, an involvement of an Oy, poisoning in compressed air illness 
is not only possible but very probable, particularly in view of the additive effects 
of COs, high tensions of Nz and Oz, as discussed above (see section II). Further- 
more the case reports of Shilling and Willgrube (1937) on divers who, having had 
attacks of caisson sickness, were placed in the recompression chamber and exposed 
to relatively high air pressure for considerable length of time, indicate that pul- 
monary pathology was induced by increased O:2 pressure. Jenkinson (1939) 
reported that at a pressure of 4 atmospheres Oz is rapidly fatal. 

The prediction voiced by Shilling and Adams (1933) that in men, recovery 
from O2 convulsions would probably be rapid and complete, finds some substan- 
tiation in the work of Behnke, Johnson, Poppen and Motley (1935). These 
authors report that in human subjects complete recovery from the effects of 
breathing OHP (syncope, absence of radial pulse and convulsions) ‘followed 
immediately” the inhalation of air. On the basis of their experimental results 
these investigators were led to the opinion that ‘Healthy men between the ages 
of 22 and 40 can breathe pure oxygen with comparative safety as follows: 4 hours 
at 1 atmosphere; 3 hours at 2 atmospheres; 2 hours at 3 atmospheres.”? Sub- 
sternal pain and dry cough, however, were observed as a result of some exposures; 
this was interpreted as indicative of lung irritation. The pulmonary changes, 
however, were considered ‘“‘not impressive” and of minor importance in compari- 
son with the changes referable to the nervous system. But the authors do sug- 
gest that incipient pulmonary changes at 3 atmospheres’ pressure may have been 
responsible for the attendant leucocytosis even though symptoms of pulmonary 
irritation such as cough and pain in the chest were absent. One subject was 
unconscious for 20 minutes after the onset of convulsions; this could hardly be 
termed an “instant” or an “immediate” recovery which Shaw, Behnke and Messer 
(1934) have stressed is a characteristic feature of O2 poisoning, and must repre- 
sent a lag in tissue recovery. 

In later experiments, Behnke, Forbes and Motley (1936) found a state of im- 
pending collapse in their subjects after 3 to 4 hours’ exposure to O: at 3 atmos- 
pheres and although consciousness was retained, all of them looked dazed and 
gave indication of partial stupefaction. The authors conclude that healthy men 
can breathe O, at a pressure of 3 atmospheres (30 Ibs. gauge) for 3 hours without 
distressing symptoms. In this connection the authors report a “gradual re- 
covery”’ of from 20 to 60 minutes in the subjects on their return to air at atmos- 
pheric pressure; nausea and dizziness disappeared within a few minutes but the 
return to the normal of blood pressure, pulse rate, pupillary diameter, visual 
acuity and facial color occupied a “considerably longer time.”” End and Long 
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(1942) accept the interpretation that O. at a pressure of 3 atmospheres can be 
safely inhaled for 3 hours but believe that at 4 atmospheres O, is dangerous. 

The symptomatic indications of damage induced in human lungs by exposure 
to OHP, “‘unimpressive”’ as they may be, cannot be dismissed as insignificant; 
this would appear to be especially so in view of the well-demonstrated pathology 
produced in experimental animals by such exposures and the observation that 
this pulmonary pathology develops gradually. The fact that an individual ex- 
posed to these adverse environmental conditions may manifest no striking re- 
action until a certain critical level of intensity or duration of exposure is reached, 
does not justify the assumption that his tissues remain entirely unaffected by any- 
thing short of that level. Actually an exposure carried to the critical level rep- 
resents a breakdown test and it would be erroneous to maintain that no impor- 
tant changes occur except in those exposures which precipitate violent reactions 
and gross symptomatology of tissue damage. Autopsy examination might be 
surprisingly revealing. 

Furthermore symptomatic recovery from the effects of OHP, while seemingly 
suggestive of an absence of pathology, may be misleading because of wide anatom- 
ical and physiological margins of safety. ‘The possible dangers inherent in sub- 
symptomatic exposures to OHP can not, therefore, be ignored. On the other 
hand it must be recognized that under certain exigencies the administration of 
OHP, like that of O. at atmospheric pressure, may not only be advisable, but 
may actually amount to a life-saving measure. 

8. (a) OHP in decompression from compressed air. The use of OHP has found 
practical application in facilitating decompression of men from compressed air. 
Bert had reported that breathing a gas mixture high in O, content permitted 
decompression of animals with less danger of nitrogen bubble formation. About 
a quarter of a century later von Schrétter (1904) advocated that compressed air 
workers should breathe pure Os: for five minutes in order to wash out the nitro- 
gen dissolved in the tissues before decompression. But Ham and Hill (1905), 
finding cats were convulsed in six minutes by O: at pressures of 50 pounds, 
claimed it was “‘. . . unsafe to use Schrétter’s method of 50 pounds and upwards. 
Below that pressure the risks of fatal air embolism are much less and the method 
is hardly worth employing.” Hill and Greenwood (1907) were of the same opin- 
ion. Zuntz (1909) recognized the feasibility of using O,. under increased pres- 
sure to aid in decompression as did Bornstein (1910). The early argument of 
Ham and Hill against the use of OHP in decompression of caisson workers was 
later changed following experiments of Twort and Hill (1912) on men, in which 
O2. was breathed for 9 minutes at a pressure of 3 atmospheres and during the 
subsequent. decompression to atmospheric pressure. It was concluded from 
these experiments that the nitrogen dissolved in the urine under compressed air 
is rapidly cleared out by breathing OHP and the authors state: ‘The practical 
application of these results to the prevention of caisson sickness is obvious.”” In 
more recent years many investigators have studied and recognized the advantages 
of using OHP in decompression (Hill, 1932; Shilling and Adams, 1933; Phillips 
(1931); Dorello, 1934; Davis, 1935; Behnke and Shaw, 1937; Jones et al., 1940; 
and others). 
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(b) OHP in therapy. There is good reason for supposing that OHP might 
be of distinct value for therapeutic purposes in some conditions. Obviously 
such use calls again for an evaluation of possible benefits to be derived, and the 
disadvantages and dangers to be encountered. One of the earliest attempts to 
use OHP therapeutically is that of Valenzuela (1887) who had found in pre- 
liminary animal experiments (rabbit) that exposure to O. at pressures as high 
as about two atmospheres (1520 mm. Hg) for an hour caused a fall in the body 
temperature from 38.4°C to 32.2°C. The general effect of such exposure was 
said to produce a torpor in the animals from which they recovered on decompres- 
sion. He then studied the effects of OHP on febrile septicemia induced in a 
rabbit by the inoculation of “serous fluid with a putrid smell from a dead body.” 
The temperature of septicemic animals treated by exposure to OHP (Oy at pres- 
sures of 1.4 atmospheres for 2 hours) decreased 1.7°C. whereas in the controls 
without treatment it increased 3°C. After 3 successive exposures on 3 days the 
O, treated rabbit had recovered on the fourth day; the control was dead. Valen- 
zuela then applied the same treatment to human subjects suffering from pneu- 
monia and reported beneficial results. . 

Fischer and Andersen (1926a, b) demonstrated that the cells of some tumors 
were more susceptible to the destructive action of OHP than normal cells, but 
attempts to use this differential susceptibility to destroy tumors in vivo (Fischer, 
Andersen, Demuth and Laser, 1927) were not very successful. Of 158 tumorous 
mice exposed to O2, 2 were completely cured and 3 were favorably affected; 68 
of the animals, however, were killed by the O2 treatment. In other work on this 
subject (Fischer, Andersen and Demuth, 1926) it was found that if copper or 
selenium were injected previous to the exposure to the Oz, the selective destruc- 
tion of tumor cells was more pronounced. 

Ozorio de Almeida (1934b) found that the selective destruction of tumor cells 
by OHP was enhanced by previously starving the animals; the starved animals 
became more resistant to the OHP whereas the tumor cells were completely 
destroyed. Basset et al. (1935) reported that mouse sarcoma 37, bathed in 
physiological saline, was destroyed by exposure to O2 at a pressure of 1800 at- 
mospheres for 30 minutes but at pressures of 1000 atmospheres it was not so af- 
fected. Campbell (1937) failed to obtain any satisfactory destruction of rat 
tumors by OHP. Attempts to use OHP in the treatment of malignancies in 
man by Auler, Herzogenroth and Wolff (1929) and by the South American in- 
vestigators have not met with any notable degree of success. The treatment of 
leprosy by OHP has also been carried out.in South American laboratories and 
while it appeared that the progress of the disease may have been somewhat slowed 
thereby, no cure resulted. Ozorio de Almeida and Pacheco (1941) employed 
OHP in therapeutic studies of experimental gas gangrene; Pacheco and Costa 
(1940; 1941) carried out experiments on the influence of OHP on clostridium 
welchi; de Mesquita (1941) reported cases of psoriasis treated by OHP. 

One point in connection with the possible application of OHP to therapy 
which is deserving of special mention concerns the influence of CO.. It is now 
well recognized, after repeated demonstration by various investigators that the 
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adverse effects of OHP are increased to a striking degree by the presence of COs. 
Other things being equal, then, one would expect that in those conditions in 
which there is an abnormal retention of CO, the adverse reactions to OHP might 
be unduly prominent. While it would seem that OHP should readily relieve 
hypo-oxemias, such for example as that resulting from extensive pulmonary 
pathology, such treatment might at the same time be complicated by the failure 
to concomitantly facilitate the removal of CO2. It is not unlikely that some other 
types of acidosis might also augment the adverse effects of OHP. 

(c) OHP in CO poisoning. The administration of O.-CO, mixture for the 
resuscitation from carbon monoxide poisoning, long championed by Henderson, 
has proven of value, but the use of OHP in the treatment of such poisoning might 
seem to offer some further advantages. Haldane (1895) pointed out that the 
higher the tension of O2 to which an animal is exposed the less dependent it is on 
its RBC’s for oxygen, because of the increased amount of O:» carried as simple 
solution in the plasma. The importance of this dissolved O, is further enhanced 
by the fact that the presence of CO in the blood so alters the O- dissociation curve 
of hemoglobin as to render that fraction of the hemoglobin which may still be 
functional, less effective in the carriage of O, than it otherwise would be. OHP 
should, then, be especially effective in preventing the anoxia in CO poisoning. 

In addition to preventing anoxia in CO poisoning, the use of OHP would seem 
to provide further advantage in that it should be more effective in displacing 
carbon-monoxide from its combination with hemoglobin and this for two reasons: 
first, simply because at high concentrations O2 can more readily compete with 
CO for hemoglobin: second, because the increased blood acidity obtaining in 
animals exposed to OHP (Bean, 1931) should, according to Stadie and Martin 
(1925), facilitate the removal of CO from the hemoglobin. 

In experimental tests Haldane (1895) reported that OHP (Og: at pressures of 
about 2 atmospheres) abolished the usual toxic action of even very high concen- 
trations of CO. He further found that animals whose hemoglobin had been 
saturated with CO and whose lives had been maintained under those conditions 
by OHP, could be safely returned to the normal atmosphere if the CO were first 
washed out without permitting the O, pressure to fall below 2 atmospheres. 
These experiments were performed as part of an investigation of mine rescue 
methods, but no attempt seems to have been made at that time in their practical 
application to resuscitation from CO poisoning. The report of Schmidt-Kehl 
(1926) also points to the possible use of OHP for this purpose. 

One reason for using CO: along with O, at atmospheric pressure in the treatment 
of CO poisoning is that it prevents an excessive alkalinization of respiratory 
control mechanisms which would otherwise occur as the result of the release of 
Na from lactate which had accumulated during the period of anoxia. Another 
advantage of the use of CO, is that it should, according to the findings of Stadie 
and Martin (1925), facilitate the removal of the CO from its combination with 
hemoglobin. Both of these arguments would appear to be applicable also to the 
use of OHP in the treatment of CO poisoning. But if, as has been observed 
(Bean and Haldi, 1932), the lactic acid is not as adequately removed in OHP as 
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under normal conditions, the release of Na from the lactate on the administration 
of OHP may be of less significance than in the case of O2 administration at at- 
mospheric pressure. On the whole the possible use of OHP in carbon-monoxide 
poisoning seemed to warrant further investigation. Experiments combining 
the administration of OHP and artificial respiration were therefore carried out by 
Doctor Bohr and the author (unpublished data, 1941) on rats. Circumstances 
prevented the completion of that study so that the data were insufficient to jus- 
tify a final conclusion, but the results were suggestive of beneficial effects. 

End and Long (1942) found that O, at pressures of about 30 pounds would 
resuscitate dogs and guinea pigs poisoned by carbon-monoxide even without 
artificial respiration. The curves representing the elimination of carbon-mon- 
oxide from the hemoglobin, however, became asymptotic with about 20 per cent 
of the hemoglobin still combined with CO; this “flattening out’? was quite a 
constant finding and the authors suggest it may have been “due to the animals’ 
habit of falling asleep. ... The diminished respiration and more sluggish cir- 
culation incidental to sleep evidently retard elimination of carbon monoxide.” 
It was proposed that OHP be used for resuscitation of human beings poisoned 
by CO. 

(d) OHP in shock. Another condition in which the therapeutic use of OHP 
might conceivably be of benefit is that of shock. Following severe operative 
procedures, such as that of decerebellation which is occasionally attended by 
considerable loss of blood, it has been customary for the reviewer to subject the 
operated animal (pigeon and rat) to O2 at pressures of about 2.5 atmospheres in 
short intermittent exposures. The apparent beneficial results derived from this 
treatment in tiding the animals over post-operative depressive states, augurs well 
for its possible success in the treatment of some cases of secondary shock. 
Frank and Fine (1943), however, report that exposure of experimental animals to 
O, at a pressure of 3 atmospheres did not favorably alter either the survival time 
or any of the commonly observed phenomena of shock, even in those animals 
(7 of 15) in which the O, concentration of venous blood was thereby maintained 
at normal levels by the OHP; these authors concluded that oxygen as a thera- 
peutic agent in hemorrhagic shock is ‘‘of doubtful value.” 

In attempts to use OHP therapeutically in any of the conditions for which it 
might appear to promise advantages, its inherent dangers, already emphasized, 
must be recognized. Furthermore, in experimental studies, due cognizance must 
be taken of the fact that OHP, improperly employed may result in deleterious 
effects which may completely overshadow any possible benefits and lead to an 
unfair condemnation of a treatment which if administered with proper precaution 
might be of distinct value. 

ETIOLOGY OF THE REACTIONS TO OXYGEN AT HIGH PRESSURE. Bringing to- 
gether the various interpretations offered in explanation for the adverse effects 
induced by OHP calls for a consideration of the experimental conditions and pro- 
cedures which led to the original conclusion that OHP was toxic and caused 
convulsions and death of animals exposed to it. 

In his pressure studies, Bert analyzed the air of closed chambers in which birds 
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had succumbed as a result of the accumulation of their expired COs, an adequate 
O, tension having been provided either by the use of hyperoxygenated air or by 
ordinary air at moderately increased pressures. From the results of these ex- 
periments he concluded that death occurred when the CO, tension of the cham- 
ber air had risen to a relatively constant value, which for sparrows was about 26 
(CO, percentage X pressure in atmospheres). It was observed, however, that 
sparrows exposed to higher pressures succumbed before the CO, tension had risen 
to the theoretically lethal level; in fact, for pressures above 3 atmospheres, the 
CO, tension in the chamber at the time of death progressively decreased, as the 
barometric pressure employed was increased. (See tables 5 and 6.) From this 
Bert concluded that death in these higher pressures could not have been caused 




















TABLE 5 
1 2 3 4 5 6 | 7 8 9 10 
DUREE DE COMPOSITION 
NUMEROS DES ae ccron| PUREE DE| poon uw pummitive DE L’AIR MORTEL co.xPloxp| && 
as MANES |LITRE D’ATR dokeobte CO2 O 7 
A76c 
aim. h, m. h. m. 
CXXXII 2 3 49 3.64 41.8 | 12.6 | 3.2 25.2 6.4 |} 0.72 
CXXII 3 1 50 1 62.7 7.8 | 10.7 23.4 32.1) 0.75 
CXXVII 4 1 35 39 83.6 5.6 | 13.2 22.4 52.8 | 0.72 
CXXIII 53 1 30 27 120.1 3.8 | 15.5 | 21.8 89.1 | 0.70 
CXXI 6 1 20 22 125.4 3.5 | 16 21.0 96 | 0.71 
CXXVIII 8 1 38 20 167.2 2.4 | 16.8 19.2 134.4 | 0.60 
CXXIV 9 1 10 14 188.1 2 17.5 18.0 157.5 | 0.59 
CXXV 12 45 6 250.8 1.2 | 18.5 14.4 222.8 | 0.50 
CXXX 12 45 1 250.8 1.3 | 18.7 15.6 | 224.4) 0.59 
CXXIX 14 45 1 292.6 0.9 | 18.5 12.6 263.2 | 0.43 
CXXXI 14 39 4 292.6 | 0.9 | 18.5 | 13.2 | 263.2 | 0.43 
CXXVI 15 39 1 313.5 0.8 | 19.4 11.2 291 0.53 
CXXXIII 17 39 3 355.3 0.6 | 18.8 10.2 | 319.6 | 0.30 
CXX 20 25 2 418.0 0.4 | 18.8 8 319.6 | 0.30 


























by the accumulating CO; and that it must, therefore, have been due to the in- 
creased O, tensions. 

Certainly these particular data of Bert are highly suggestive that the increased 
O, tension was involved in the cause of death at the increased pressures and that 
O, at high pressures might, therefore, as he says, be considered a dangerous agent. 
But they would hardly seem to justify the conclusion that the increased O2 by 
itself was the only lethal agent. At any rate our present knowledge of the in- 
terrelationship of CO, and high pressures of either air or Os, does not permit 
the dismissal of the CO, tensions in these experiments of Bert as insignificant, 
even though some of them were far below his theoretically lethal constant. 
Nevertheless it was these data upon which Bert based his conclusion that while 
at moderatgly increased barometric pressure an accumulation of CO, in the pres- 
sure chamber might contribute to the death of the animals, at the higher pres- 
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sures death was caused exclusively by the increased O, tension alone. Speaking 
of the effects of ordinary air at increased pressure in a chamber without either 
ventilation or CO, absorption, Bert says: ‘‘Pour les pressions trés-élevées, la 
mort est due exclusivement a la tension trop considérable de l’oxygene ambiant.”’ 

Bert experienced considerable difficulty, as he confesses, in devising suitable 
means for removing CO, from the compression chamber of his sparrow experi- 
ments. This, together with his earlier conclusions regarding the lethal CO, 
tension, may help to explain why he seemingly dismissed the removal of CO, 
from respired air as unimportant. He did, however, perform a few experiments 


















































TABLE 6 
1 2 3 + 5 6 7 8 9 10 
Be - 
a MH 3 z COMPOSITION 
> < om DE L AIR 
¢ a Z< 5 MORTEL 
NUMEROS DES u ZE ea aed COz . PHENOMENES GENERAUX 
EXPERIENCES y Cy xe a as X P| présenTEés PAR LES ANfMAUX 
2 | SE) 28) 3 | 3s 
Zz RO ae fa ee 
B | ee | sal 8 | BH |S) ° 
a & oO a a 
atm. atm h.m h. m. 
CXLIII | 1.25) 32.5) 1.5) 1 30|1 36 | 22.1) 3.5/27.6) Pas de suffusions cra- 
niennes 
CXLIV |} 1.5 | 69.0) 3.3) 1 30/1 36) 16.7| 28.6/25.1| Pointillé rouge au crane 
CXLVI | 2.5 | 115.5) 5.5) 3 53 | 11.1) 33.3)27.7| Suffusions craniennes 
CXL | 2.0 | 117.6) 5.6) 3 52 | 13.4) 44.4/26.8) Suffusions craniennes 
CXXXIX | 1.75) 146.3} 7.3) 2 20 31 | 11.9| 67.8/20.8) Suffusions craniennes 
CXXXVIII | 3.0 | 258.0) 12.1) 1 15 10 | 5.6) 78.9|16.8| Suffusions craniennes 
CXLI | 4.0 | 501.6) 14.4) 1 7 | 2.1) 71.1) 8.4} Convulsions, suffusions 
CXXXVII | 5.0 | 415.0) 19.7| 1 20 6 | 1.4) 80.5] 7.0| Convulsions, suffusions 
CXLII | 8.5 | 433.5) 20.7; 20 2| 0.8} 47.8] 6.8) Convulsions, suffusions 
CXLV | 5.5 | 467 .5 22.3 20 1 | 1.0) 82.5) 5.5) Convulsions, suffusions 





on birds in which the CO, was removed by partially filling the compression cham- 
ber with a potash solution. In these experiments, in which he says all trace of 
CO, was removed from the chamber, the death of those birds which did not suc- 
cumb because of a depletion of the Oz, was assumed to have been caused by the 
toxic action of the increased O, tension of the highly compressed air. But such 
an assumption of an unadulterated O, effect cannot be accepted without some 
reservation; the very high barometric pressure of air employed must certainly 
have introduced complicating factors not attributable to the increased O, tension 
by itself. 

As one reviews Bert’s experimental protocols he becomes increasingly im- 
pressed with the apparent disregard which that investigator had for factors we 
now know are exceedingly important variables in, if not determinants of, the 
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response to increased pressures. This apparent disregard is perhaps best summed 
up in his statement to the effect that all the influences which changes in baromet- 
ric pressure may exert on animals are due either to an insufficiency or to an excess 
of O» tension (‘Pas assez d’oxygéne, en tension, ou trop d’oxygéne, toute Vinfluence 
que les modifications barometriques excercent sur les animaux se résume en ces 
termes’”’). His experiments on oxygen poisoning in dogs bear witness to the 
strength of his conviction on this point and deserve special mention. 

These experiments were, with few exceptions, carried out as rebreathing pro- 
cedures in which no attempt was made to absorb the expired CO2 accumulating 
in the relatively small rebreathing balloon. In the majority of these experiments 
the CO, of the gas mixture breathed at increased pressure was between 8 and 10 
per cent, the lowest figure given for this type of procedure was 5.4 and in one 
case it reached the astounding value of 12.9 per cent (at 6.75 atmospheres, the 
pressure used in that particular experiment, this would represent a tension of 87 
per cent of one atmosphere). For those few experiments in which attempts were 
made to remove the CO: by pieces of potash placed in the bottom of a bottle, or 
by potash solution in the rebreathing balloon, no CO, analyses of the gas re- 
breathed are given. This removal of the CO, was, he insisted, quite unnecessary 
for the reasons presented above. 

In addition to this matter of COs, Bert’s experiments on dogs are open to 
question on another score, tio which brief reference has already been made, viz., 
that of the very rapid decompression rates which were used. In spite of the 
fact that the pressures employed were as high as 8 atmospheres, and that the O, 
content of the compression medium was as low as 60 per cent, the decompression 
was often abrupt. Such procedures must have frequently resulted in O2, and Nz 
emboli which in themselves might well precipitate convulsive seizures and sig- 
nificantly enough the convulsions in Bert’s dogs occurred during or following de- 
compression. These seizures in dogs, described by Bert as O2 convulsions were 
as Hill and Macleod (1903c) pointed out ‘‘clearly decompression results, and due 
to the effervescence of oxygen gas in the central nervous system.” 

In summary then it may be said that, important as the investigations of Bert 
were in that they drew attention to a new feature of the adverse effects of in- 
creased tensions of O2, the experimental results which he details as representing 
the toxic action of OHP alone, are open to serious criticism on at least three main 
counts: first, because of the gross failure to recognize the possible importance of 
very high CO, tensions in the gas mixtures used; second, because of the frequent 
employment of very high barometric pressures of air or of high Ne percentage 
mixtures in order to attain the desired increase in O, tension; third, because of 
the very rapid decompression employed. In considering Bert’s views then it 
may be well to keep in mind that many of the reactions he described as those of 
O. poisoning involve more than the effects of O2 alone. The fact that in spite 
of Bert’s intentional disregard of these complicating experimental conditions, 
his observations have on the whole been confirmed by subsequent investigations 
which are not open to these criticisms, is more than of passing interest for it 
points to the possible significance of etiological factors discussed below. 
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A consideration of the accumulated data, including that of Bert, provides 
abundant evidence for concluding that the effects of exposure to OHP are gen- 
eralized and involve many if not all tissues of the body and cannot, therefore, be 
legitimately localized to any one single or even several tissues, to the exclusion 
of others. But the outstanding features of the manifestations of those effects 
are predominantly those of respiratory difficulty, motor disturbances which fre- 
quently, though not invariably, include convulsive attacks, and eventual death. 
These features have directed attention to the lungs and to the C.N.S. which have 
been considered as organs for which the adverse action of OHP has an especial 
predilection and constitute the background for Smith’s conclusion (1899) that. 
the cause of the reactions to OHP are (1) pulmonary pathology and (2) an in- 
volvement of the C.N.S. If the proviso of admitting certain qualifications be 
permitted no strenuous opposition can be reasonably voiced against this inter- 
pretation so far as it goes and it provides a basis upon which the more intimate 
etiology of the responses to OHP may be discussed. 

1. Pulmonary Pathology as an Etiological Factor. Thompson (1889) observing 
extensive pulmonary pathology in animals which had been exposed to OHP and 
had suffered convulsions therein, proposed that such pathology was an important 
contributor to the convulsive seizures. Smith (1899) finding dyspnea a prom-: 
inent reaction in exposures to OHP, and at autopsy, severe pulmonary damage: 
and pneumonia, was led to the belief that such.pulmonary damage constituted 
a separate and a more slowly developing phase cf O, poisoning than that of 
C.N.S. involvement, and that while this pathology might tend to postpone the 
C.N.S. effects of OHP by slowing up the Oy, absorption, it ultimately caused 
death of the animal. 

Extensive pulmonary pathology might conceivably contribute to the reactions 
in animals exposed to OHP in two ways: 1, by preventing O2 absorption and thus 
leading to an hypo-oxemia; or 2, by interfering with the elimination of COs. 
Where the increased Oy» pressure is very little above that of one atmosphere both 
of these conditions develop after prolonged exposures and the situation is the 
same as that when breathing hyperoxygenated air or pure O, at atmospheric 
pressure for prolonged periods; so far as the tissues beyond the lungs are con- 
cerned the condition may be then essentially one of low, rather than increased, 
O, tension as discussed above in section I. However, where the O, pressure is in 
excess of several atmospheres the condition of hypo-oxemia would not be likely 
to occur so long as the pressure was maintained. On the other hand, if the pa- 
thology be at all extensive as it frequently is, there would be an interference with 
the removal of CO,. This might be partially compensated for by the establish- 
ment of a new diffusion gradient through hyperpnea and the elevation of blood 
pCO, so that with the attainment of a new steady state the elimination of CO, 
might not be appreciably decreased as has been repeatedly demonstrated. But 
because even a relatively small increase in CO, tension assumes a peculiarlyhigh - 
potency when associated with OHP any interference with the normal CO, re- 
moval at the lung cannot be dismissed as insignificant. This is particularly so 
because the enhanced reactions ensuing from the addition of small amounts of 
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exogenous CO, to OHP cannot be distinguished qualitatively from those induced 
by OHP in the absence of exogenous COs. 

Stadie, Riggs and Haugaard (1944) dismiss the possibility that in exposures 
to OHP there is any retention of CO, in the blood or tissues such as is observed 
in other types of pulmonary pathology. In support of this opinion they cite 
the report of Behnke et al. (1934) that the arterial pCO. was not increased in 
animals exposed toOHP. Now if the exposure to OHP be such as to induce no 
pulmonary pathology—and as already pointed out this is not infrequently the 
ease—there would,'of course be no reason to expect that CO, elimination at the 
lungs would be very appreciably interfered with at pressures of 3 to 4 atmos- 
pheres; in fact its elimination might. be facilitated under such conditions because 
of the hyperpnea which almost invariably occurs. Furthermore, one might by 
definition even rule out pulmonary. pathology as a part of poisoning by OHP, 
since the typical reactions to OHP. do occur in the absence of any demonstrable 
pathology, and in that case retention of CO, because of disturbed elimination of 
CO, at the lungs would also be ruled out. However, if pulmonary pathology 
be admitted as a part of the- picture, the very extensive and severe lung damage 
frequently observed by so many investigators (see section on pathology) must, 
just-as many other types of pulmonary pathology, lead to a retention of CO». 

: The importance. of. pulmonary pathology induced by exposure of animals to 
OHP was early impressed upon the reviewer performing experiments in which the 
effects of OHP on blood acidity, uncomplicated by this pulmonary pathology, 
were under study. The observations then and since have led to the conviction 
that in sacrifice experiments on animals exposed to OHP an inspection of the 
lungs for at least gross pathology should be made in the interpretation of results. 

The mode of action by which OHP induces pulmonary pathology has not been 
clearly demonstrated. The more general view has been that OHP acts as an ir- 
ritant directly on the pulmonary tissue. Ozorio de Almeida (1934) has inter- 
preted the pulmonary pathology as a secondary result of diminished oxidations. 
Still another interpretation which has been offered is that it is secondary to cir- 
culatory: effects of OHP, particularly on the right side of the heart. This last 
view is reminiscent of the explanation offered by Karsner for the pulmonary 
changes found in animals exposed to O, at atmospheric pressure. 

In summary then one may conclude that the pulmonary pathology induced by 
OHP: does contribute while the animals are under the increased pressure to the 
reactions referred to as those of poisoning by OHP. This contribution is to be 
attributed to the interference with the normal removal of CO... During decom- 
pression and in. the post decompressional period, those reactions which represent 
a persistence of the toxic.effects of OHP induced during the maintenance of the 
inereased pressure are further complicated by the pulmonary pathology which, 
with the animal’s return to normal pressure conditions, results in hypo-oxemia. 
» But the fact that. respiratory reactions, blood changes, convulsive seizures and 
death'commonly occur in animals exposed to OHP in the absence of any demon- 
strable pulmonary pathology (Bert, 1878; Thompson, 1889; Smith, 1899; Born- 
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stein and Stroink, 1912; Bean, 1929; 1931; Shilling and Adams, 1933) indicates 
that while pulmonary pathology induced by OHP is, when present, contributory, 
it is not essential to the induction of those reactions typical of poisoning by OHP. 

2. The C.N.S. as the Site of Origin of the Reactions to Oxygen at High Pressure. 
Bert concluded that the origin of the more pronounced reactions to OHP, par- 
ticularly the convulsive seizures, was the C.N.S. This conclusion was based on 
several observations: the relief of the seizures by chloroform anesthesia, the re- 
laxation of convulsively contracted muscles by section of their motor nerves and 
the retention of the excitability of striated muscle to direct stimulation after their 
reflex excitability had been lost. Significantly enough convulsive seizures did 
not occur either in air at pressures much below 19 atmospheres or in Oz at pres- 
sures below about 3.5 atmospheres, that is to say, at pressures less than those 
necessary for the solution of 10 volumes percent of O: in the plasma over and 
above the normal 20 volumes per cent held in combination with the hemoglobin. 

It was this greater solution of the O2 in the plasma consequent upon exposure 
to high tensions of O2 which Bert maintained was a toxic agent for the C.N:S., 
so that when the O, in the blood rose to about 35 volumes per cent it was rapidly 
fatal. ‘In mammals,” he says, ‘‘trouble rapidly occurs only when the hemo- 
globin is saturated with oxygen and this gas enters the tissues from a state of 
simple solution.”” And ‘Whatever the explanation, it seems that for oxidation 
the tissues need borrowed oxygen, taken away from the oxyhemoglobin’’—a 
comment especially apropos the importance and the carriage of CO, by the 
blood in O, poisoning discussed below. Because the convulsions continued after 
the pressure had been lowered, Bert contended that the real cause was some 
chemical change which, outlasting the apparent caise, continued to excite nerv- 
ous tissue. That O, at increased barometric pressure acts on the C.N.S. has 
been accepted by all subsequent investigators whose experimental data represent 
more truly the effects of OHP than do those of Bert. Williams and Beecher 
(1944) noted in Drosophila that the maintenance of balance and equilibrium was 
the first attribute to be permanently lost and were of the opinion that the pri- 
mary effect of OHP in these forms was on the nervous system. ) 

Shilling and Adams (1933) reported that extensive microscopic studies of 
nervous tissue in brains of animals subjected to O. convulsions were made by 
Finley but that ‘‘the findings were essentially negative.” Similarly Fahr (1941) 
recognizing that the symptoms of poisoning by OHP pointed to the C.N.S. as the 
site of involvement made special microscopic studies of the C.N.S. but no sig- 
nificant pathology was found there. The question arises as to whether the ani- 
mals in these investigations may not have been sacrificed before degenerative 
changes could be demonstrated by the usual techniques. 

Whether OHP itself operates directly on the C.N.S., or through the production 
of some intermediary toxic substance, or through a disturbed metabolism and 
removal of metabolites, or through a combination of these acting on peripheral 
as well as central structures, the permanently crippling motor dysfunction in- 
duced in rats by their repeated exposure to OHP (Bean and Siegfried, 1943) con- 
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stitutes conclusive evidence that OHP can cause permanent damage to the C.NS. 
and that therefore its influence is not entirely functional, as has heretofore been 
widely held. Recent work reveals degenerative changes in the C.N.S. 

3. Carbon Dioxide as An Etiological Factor. Although as already pointed out 
Bert dismissed CO, as of no consequence in the production of the reaction to O, 
at high pressure, an examination of his experimental protocols and data leaves 
no doubt but that CO, must have played a very large réle in the response which 
he referred to as that of O2 poisoning. The inverse relationship between the 
CO, and O, tensions in the lethal gas mixtures at various barometric pressures, 
shown above in tables 5 and 6, which formed the basis for Bert’s conclusion that 
at high pressures the O, alone is responsible for the reaction, falls far short of 
ruling out CO, as an etiological factor. Indeed it would appear to be one of the 
earliest demonstrations of the now well recognized fact that tensions of CO2 which 
at normal atmospheric pressure are too small to exert any very obvious effect, 
become highly and increasingly noxious when associated with an increased air 
or O, pressure. 

The exceedingly high CO, content (as much as 12.9 per cent) of the gas mix- 
ture to which Bert’s dogs were exposed has been mentioned above and, as would 
be expected, the blood of these animals showed a proportionately high CO, con- 
tent. In one experiment, for example, the analysis of carotid blood ‘in a dog 
when breathing air at normal pressure was: CO: 22.3, O2 17.2 volumes per cent; 
but when breathing hyperoxygenated air (74 per cent Os, 10 per cent COs) at 
7.25 atmospheres pressure, the blood CO: had risen to 72.3 and the O2 to 30.1 
volumes per cent. In another experiment the blood CO: rose from 24.0 volumes 
per cent in air at normal pressure, to 92.5 volumes per cent in hyperoxygenated 
air at 6.75 atmospheres. 

The blood gas analysis figures for Bert’s experiments in which potash was used 
to absorb the expired COs:, are even more significant; in one such experiment with 
the animal in air at normal pressure the blood CO, was 20.9 and the Oz, 19.8 
volumes per cent; in hyperoxygenated air (88 per cent O2) at normal pressure 
the blood CO, was 34.5 and the O2, 20.9 volumes per cent, but at 6 atmospheres’ 
pressure the CO; had risen to 63.5 and the O, to 26.3 volumes per cent. Increases 
in the CO; content of the blood such as these are significant. Hill and Macleod 
(1903c) point. out:that Bert’s animals ‘‘must have been rendered comatose with 
CO,.” Because Bert stated that at moderately increased O, pressures, the in- 
crease of CO, in the chamber did contribute to the adverse effects and death of 
the experimental subjects, his conclusion that CO, was of no consequence at 
higher O, pressures, is the more surprising. 

Although Thompson (1889) indicated that the cause of the convulsions was 
undecided, he proposed that an accumulation of CO: in the body as a result of an 
interference with normal diffusion processes was responsible. ‘‘If the pressure 
of the inhaled atmosphere,” he said, “be it oxygen or common air, is greatly in- 
creased, it is more difficult, and it requires more time for the CO, to diffuse from 
the blood into the air-vesicles, and from the air-vesicles into the tidal air in the 
wider portions of the air-passages. As a result, the CO, tends to accumulate in 
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the blood.” Hill and Macleod (1903c) likewise claimed the diffusion of CO: 
in the lungs was impeded in compressed gases. 

Evidence that CO, might somehow be related to the action of O, is found in the 
observation of Snell (1896) who maintained that an increase in CO; from 0.045 
to 0.1 per cent in caissons was the forerunner of much illness. Moir (1895) was 
of the same opinion and suggested that the air be washed free of all CO, before it 
is pumped down to the men working in compressed air. Singstad (1936) recog- 
nizes the importance of CO, in compressed air and maintains that the difficulty 
in breathing experienced by some divers at the greater depths is caused by ex- 
cessive carbon dioxide in the helmet as a result of insufficient ventilation. The 
report of Yamada (1918) also points to the significance of CO, in relation to the 
effects of Oz; he observed that 3 per cent CO: in room air, if administered con- 
tinuously to man, caused an hyperpnea which gradually decreased, but. when that 
same concentration of CO, was administered in pure O2 the hyperpnea increased. 

Gesell (1923), in his study of the factors which contribute to the regulation of 
respiration through their influence on the intracellular acidity of the respiratory 
centers, pointed out that a failure of reduction of oxyhemoglobin should inter- 
fere with the normal function of the hemoglobin in the transport of CO2 from the 
tissues by the blood; this would lead to an accumulation of CO, in the respiratory 
centers and a consequent increase in breathing. Such a failure in the reduction 
of oxyhemoglobin should theoretically take place when an animal is exposed to 
pure oxygen at pressures of about 3 atmospheres and above, for under that pres- 
sure the amount of O, taken up by blood in simple solution would, according to 
physical laws, be more than sufficient to meet ordinary tissue requirements thus 
leaving the hemoglobin still fully saturated with O.. The base normally pro- 
vided by the reduction of oxyhemoglobin, and which normally serves for the 
transport of the greater part of the CO2, would under such circumstances be miss- 
ing and there should then follow, as a result, an undue accumulation of CO: in the 
tissues. Gesell found that the addition of CO, (5 per cent) to OHP (2700 mm. 
Hg) caused rapid deterioration and death of rats in about one half hour, whereas 
exposure to either OHP (2700 mm. Hg) without the COz, or to a mixture of Oz 
(300 mm. Hg) and N2 (2400 mm. Hg) with the addition of CO, (5 per cent) pro- 
duced little more than hyperpnea and restlessness. This enhancement of effects 
by the combination of CO. with OHP was interpreted as evidence of an increased 
sensitivity of the organism to CO, as a result of the disturbed transport of COs. 
But CO, also augments the toxic action of OHP on organisms devoid of hemo- 
globin, as observed in some micro-organisms, and Williams and Beecher (1944) 
have shown that while Drosophila can withstand prolonged exposure to-high 
CO, tensions at atmospheric pressure (15 per cent) they are peculiarly sensitive 
to the presence of CO, in the exposures to OHP. The authors state that CO, 
facilitates the toxic action of OHP so that “the rate of poisoning can be described 
as a linear function of carbon dioxide tension.” 

According to the disturbed CO, transport theory the effects of exposure to 
OHP should begin to be pronounced when the O2 tension reaches an equivalent 
of 3atmospheres. Interestingly enough, the experiments of Bert (1878), Thomp- 
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son '(1889), Smith (1899) and of subsequent investigators do show this to be 
true. Bert found that convulsions did not occur until the O, tension of the com- 
pressed gas. was somewhat in excess of 3 atmospheres, and that in those animals 
which succumbed, the blood during the exposure contained about 10 volumes per 
cent of O, in simple solution in addition to the 20 volumes per cent combined with 
the hemoglobin. Under such conditions the oxyhemoglobin could not have been 
reduced and the animal must therefore have been deprived of one of its most im- 
portant mechanisms of CO, transport with the result of a partial damming back 
of CQz in the tissues. 

Bert. pointed out that in O, poisoning the oxyhemoglobin did not give up its Oy» 
and his statement to the effect that for oxidation the tissues need borrowed 
oxygen, taken away from the hemoglobin, indicates that he had some notion 
that the failure of the oxyhemoglobin to give up its O2 might be an important 
factor in O, poisoning. He says, ‘Or, fait du plus haut intérét, e’est en présence 
de cet oxygéne simplement dissous, libre, que les oxydations intimes se ralentis- 
sent, .puis s’arrétent. Il semble que les tissus aient besoin, pour s’oxyder, de 
Voxygeéne emprunté, enlevé a la combinaison oxyhémoglobique, si bien que, en 
présence de |l’oxygéne.dissous apporté par la compression, ou les tissus devien- 
nent ineapables d’opérer cette dissociation, ou les globules ne peuvent plus céder 
leur oxygéne; et: demeurent condamnés & la saturation perpétuelle.” The de- 
¢creased oxidation..of which Bert speaks has been generally confirmed and is 
discussed more fully below, but one suggested explanation, which may be men- 
tioned to advantage here is that it may be a secondary effect of the increased 
tissue acidity arising from a disturbed CO, transport. 

In order to test this theory of hemoglobin involvement in O2 poisoning a num- 
ber of studies were carried out (Bean, 1929, 1931) among which were those on 
blood acidity; for if OHP disturbs the carriage of CO, by the blood and causes a 
rise in tissue COz, these changes should be reflected in an alteration in blood pH. 
The changes in blood acidity of dogs exposed to OHP were therefore determined 
by continuous electrometric methods. The results showed that in those ani- 
mals exposed to OHP for periods short of the convulsive stage, there occurred 
an increase in the acidity of both arterial and venous blood (pH changes of from 
0.05 to 0.19) when the O, pressure was increased to more than 3 atmospheres. 
Since, in these exposures the acid change was reversed on decompression it could 
not be attributed to lung damage, and under these conditions provides substantial 
evidence that the CO, transport of the blood is disturbed by OHP. Such dis- 
turbance, resulting in an increased CO, in the tissues, particularly those inti- 
mately associated with the regulation of breathing, provides an explanation for 
the hyperpnea and dyspnea which accompanied these exposures and which are 
characteristic findings in exposures of animals to OHP. 

The observation in these same experiments that the elevation of blood acidity 
was less pronounced in those animals which were particularly hyperpneic during 
the exposure to OHP is worthy of note for it indicates that the increased acidity 
may be partially compensated by an increased breathing. Another compensa- 
tory mechanism suggested by these experiments is an increase in the volume flow 
of blood, although the recorded increase was only slight. 
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The continuous observation of the circulating venous blood in these experi- 
ments revealed that it remained in a highly oxygenated state (colour determi- 
nation) throughout the exposure to OHP; withdrawn samples frothed copiously, 
indicating an O, supersaturation. This proves unequivocally that under such 
O» pressures the oxyhemoglobin is not reduced and it follows that CO, transport 
must, as a result, be affected. The data, then, provide corroborating evidence 
that the acid change in the blood is to be explained on the basis of a dis- 
turbed CO, transport, and an accumulation of COs» in the tissues. 

The experiments of Campbell (1929) provide perhaps even more direct evidence 
of an accumulation of CO: in the tissues of animals exposed to OHP. Nitrogen 
was injected intraperitoneally and subcutaneously into rabbits which were then 
exposed toOHP. Analyses of the gas withdrawn from these artificial gas pockets 
of animals exposed to O, at a pressure of 2639 mm. Hg (3.5 atms.) showed that. 
the CO, tension, as also that of the O2, was markedly increased (average over 100 
per cent) as compared with that from animals which were exposed to air in which 
the partial pressure of O2. was only 562 mm. Hg. It was believed that the CO, 
tension of the tissues was actually higher than that of the gas pockets. In those 
animals which succumbed to the increased O:2 pressure the CO, tension was dis- 
tinctly higher than that of the survivors; “in four out of five animals the CO, 
tension was 213 mm. Hg (30 per cent) or more.”” Campbell points out that this 
accumulation of CO, may be the cause of the narcosis and convulsions of Oz, 
poisoning but suggests that the explanation of the increased CO, may be a vaso- 
constrictive effect of O2 (Campbell and Hill, 1931). 

Hill (1933) cites Campbell’s results as indicative of a disturbed CO, adiiana 
arising from the failure in the reduction of the oxyhemoglobin. In his own ex- 
periments Hill found that a preliminary 15 minute exposure to a mixture of 5 
per cent CO, and 95 per cent O,2 at atmospheric pressure lowered the critical 
pressure at which convulsions occurred when the animals were subsequently 
exposed to OHP. ‘The onset of convulsions was also found to be accelerated by 
CO.; a monkey showed no symptoms of O: poisoning in a 30 minute exposure to 
O, at a pressure of 4.7 atmospheres but after a preliminary exposure to 5 per 
cent CO, and 95 per cent Os, at atmospheric pressure, convulsions came on 13 
minutes after raising the pressure with O2, to 4 atmospheres. Similar results were 
obtained in experiments on rats, guinea pigs and goats. It is of special interest 
that this effect of CO. should be evident even when the animal was shifted to 
OHP which was free from CO,; a goat which showed no symptoms in a 27 minute 
exposure to O: at 4 atmospheres was subsequently subjected for a few minutes to 
22 per cent CO, in air at atmospheric pressure after which the chamber was 
washed out with O, and the pressure raised to 3.7 atmospheres. Convulsions 
then came on in 7 minutes. Hill concluded that ‘increase of carbon-dioxide 
tension in the tissues is a factor in the production of convulsions, which follow 
exposure to high pressures of oxygen.’”’ Massart (1934) has likewise observed 
that in the presence of CO, the onset of convulsive seizures was accelerated. 

Behnke, Shaw, Shilling, Thompson and Messer (1934) having found that the 
average CO, tension of mixed venous blood of dogs breathing O, at a pressure 
of 4 atmospheres was only 6.5 mm. Hg higher and the pH only 0.03 unit lower 





Sage REST eG AE EE Ps 


F san een Tae ers en eee 


rete oe 


Ly AST SAS ESE SRE ET 


gee re: 


" 
$ 
‘ 
3 


mere 








124 JOHN W. BEAN 


(the latter by indirect methods) than that found during exposures to air at 1 
atmosphere, thought no significance should be attached to such small CO: changes 
and stated: “It seems highly improbable that the rise in carbon-dioxide tension 
due to the absence of reduction of the oxyhemoglobin, and the resultant increase 
in acidity is sufficient to account for the symptoms of oxygen poisoning.” In 
later work, however, Shaw, Behnke and Messer (1934) agreed that ‘Carbon 
dioxide tensions which are wholly innocuous when associated with oxygen pres- 
sures of less than 1 atmosphere, prove highly toxic when associated with oxygen 
at’ 4 atmospheres of pressure”; and Behnke and Willmon (1939) state that in- 
creased acidity of venous blood (0.03 pH) is ‘‘worthy of emphasis’ (see below). 

Shaw, Behnke and Messer (1934) reported that symptoms of O: poisoning 
occurred in anesthetized (barbiturate) dogs breathing OHP for prolonged 
periods, even when alveolar CO, content was maintained at subnormal levels by 
artificial overventilation ; from this it was concluded that CO, could not have been 
the cause of the reaction to OHP. Now artificial overventilation should, of 
course, tend to lower tissue CO2, but this, it would appear, does not justify their 
conclusion which is based on the érroneous assumption that tissue CO: and al- 
veolar CO, always run parallel courses. Obviously any breakdown in the system 
which transports metabolites from the tissues to the lungs should result, other 
things remaining constant, not only in an accumulation of those metabolites at 
their sites of origin in the tissues, but also, and consequently, in a diminution in 
their concentration at the pulmonary terminal of the transport system. Indeed, 
barring the factors of compressional inflow and increased diffusion resistance, one 
would expect to find a subnormal CO, content in the alveolar air of animals ex- 
posed to OHP even without artificial overventilation for several reasons—viz., an 
inadequate carriage of CO, from the tissues to the lungs; slowed diffusion through 
damaged alveolar membranes; the blowing off of alveolar CO, by the hyperpnea 
which commonly occurs in O, poisoning; and a diminished tissue metabolism. 

These authors (Shaw, Behnke and Messer, 1934) do, however, recognize COs 
as a contributing cause in oxygen poisoning but believe that its influence “is to 
render the oxygen more toxic or the tissues more sensitive to the effects of oxy- 
gen.”” On the other hand, Behnke, Johnson, Poppen and Motley (1935) sug- 
gest that exposure tg O. at atmospheric pressure increases the sensitivity of 
nervous tissue to CO:, as had Yamada (1918). 

Massart (1934) has maintained that the augmentation of response to OHP 
which occurs on the addition of small amounts of CO, to the respired gas is caused 
by an increased uptake of O, consequent upon the hypercapneic hyperpnea. 
Anything which increases breathing tends, he says, to hasten the onset of con- 
vulsions whereas a decrease in ventilation postpones the onset. The less pro- 
nounced elevation in blood acidity in those animals which were markedly hy- 
perpneic (Bean, 1931) point to an opposite conclusion. In order further to 
evaluate hyperpnea as a possible contributor to O, poisoning, Bohr and Bean 
(1942a) subjected tracheotomized, urethanized or decerebrate rats to controlled 
artificial respiration in O, at pressures of 6 atmospheres; the results of such ex- 
periments showed, contrary to Massart’s contention, that artificial hyperventila- 
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tion postponed, rather than hastened the onset of reaction toOHP. This post- 
ponement of the onset of the toxic action of OHP might very well be explained 
on the basis of an improved CO, diffusion gradient from the plasma to the al- 
veolar gas as a result of the hyperventilation. These experimental data point 
again to the importance of CQ, and its disturbed transport in poisoning by OHP. 

It is conceivable that CO2, whether it be of exogenous or endogenous origin, 
might accelerate the onset and augment the reaction to OHP by virtue of its 
recognized vasodilating action, since an increased blood flow should accelerate 
the O, saturation of the tissues. On the other hand, vasodilatation with a con- 
sequent increase in blood flow should, as already pointed out, tend to maintain 
the removal of endogenous CO: and so partially compensate for the disturbed 
CO, transport by hemoglobin; vasodilatation might then postpone or alleviate 
the response to OHP. But in any case CO, must certainly play a more important 
role than simply one of vasodilatation. 

Stadie, Riggs and Haugaard (1944) in reviewing the subject state “there is clear 
evidence that the partial pressure of carbon dioxide in the tissues is increased by 
high oxygen,” but maintain that this increase is not due to a retention of COkz, 
such as might occur, for example, in certain types of pulmonary pathology. They 
are of the opinion that the failure in the reduction of oxyhemoglobin provides 
“sufficient explanation”’ for the increased CO, partial pressure of the tissues. 

A careful theoretical analysis by Stadie, Riggs and Haugaard (1944) of the 
possible rédle which oxyhemoglobin and its non reduction might play in oxygen 
poisoning, led them to conclude that ‘‘the changes in the blood expected on 
physico-chemical grounds do occur when oxygen excess is inhaled.” On the 
other hand they cite the failure of Behnke et al. (1934) to find an increase in the 
arterial CO, tension, as proof that there is no interference with the transport of 
CO:. But, provided CO, elimination at pulmonary membranes and ventilation 
are not diminished, why should one select an increased arterial CO, tension as an 
infallible index of a disturbance in the transport of CO, from the tissues to the 
lungs? The hyperpnea which commonly occurs in OHP might lead one to 
expect a decrease in arterial CO, tension, rather than an increase. To use a 
rough analogy, the emptiness of trucks on their return trip is not proof of the 
adequacy of a transport system. 

If there is no “retention” of COs, and if there is no disturbed transport of CO. 
from the tissues, and if further, as is agreed, there is no increase in the production 
of CO, in the tissues, how is the increased tension of CO, in the tissues, for which 
there is “clear evidence,’ to be explained? Stadie and associates accept the 
1934 interpretation of Behnke et al. that the non reduction of oxyhemoglobin 
and the increase in CQ, tension, play no significant part in the poisoning by 
OHP—an interpretation which as indicated above, was later modified (Shaw, 
Behnke and Messer, 1934) to include CO, as a contributing cause of O2 poisoning. 
This acceptance was based for the most part on three arguments, one of which 
was, that ‘‘the symptoms of CO: acidosis do not resemble remotely those of oxy- 
gen poisoning.’”’ But why should one expect that the response to CO: in as- 
sociation with OHP to be the same as that of CO, at atmospheric pressure? 
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Certainly the experimental conditions upon which the CO: is superimposed in 
each of these two situations are not comparable. 

If it be assumed that CO, is not causally involved in the reactions to OHP, and 
if as stated, the reactions to OHP are so remotely different from those induced 
by COs, we should expect that in the administration of CO, to animals exposed to 
OHP, some of the distinctive CO, effects would retain their identity in the ani- 
mals’ reaction to such conditions. But as a matter of fact, all reports indicate 
that the addition of CO, results, not in any new type of response, but rather, in 
simply an accelerated precipitation and enhancement of the same responses which 
are typical of OHP in the absence of the exogenous CO.. The similarity of the 
OHP and CO, effects is attested to by the statement of Shaw, Behnke and Mes- 
ser (1934) that the rdle which CO, plays “‘is to render the oxygen more toxic or 
the tissues more sensitive to the effects of oxygen.” 

A second reason for dismissing the non-reduction of oxyhemoglobin and the 
increased CO, tension, was that “‘the changes observed were slight.”” But it 
should be pointed out that those same changes which were originally considered 
slight and of no consequence have more recently been re-evaluated in the light 
of new experiments and are now spoken of as ‘‘worthy of emphasis” (see below). 

The third argument for dismissing the factors of disturbed transport and in- 
creased tension of CO, was the generally recognized fact that the maximal re- 
sponse to OHP does not occur at that O2 pressure which is just sufficient to main- 
tain the hemoglobin in a constant state of O2 saturation; much more pronounced 
effects are induced at higher O2 pressures. This is of course one line of evidence 
that there are other factors than the non-reduction of oxyhemoglobin involved 
in poisoning by OHP but it does not, in the opinion of the reviewer, rule out the 
increased CO, tension arising from such non-reduction as one of the causative 
agents. 

The argument that hemoglobin involvement in poisoning by OHP is of no 
consequence because some organisms devoid of this pigment are more readily 
killed by OHP than are those whose life is dependent upon it, would appear 
to be invalid: for there are on the other hand numerous organisms not possessed 
of hemoglobin which are strikingly resistant to the toxic action of OHP, the re- 
sistance of Drosophila (Williams and Beecher, 1944) for example is much greater 
than that of mice, and this might suggest that hemoglobin is after all an important 
contributor to the greater susceptibility of higher forms to the toxic action of 
OHP. 

In summary then it may be said that the evidence clearly shows that in ex- 
posures to OHP there is an increase in the CO, tension of the tissues; that there is 
a non reduction of the oxyhemoglobin and that this, in the absence of other 
changes, provides sufficient explanation for the increased tissue CO, tension. 
The denial of the importance of the increased CO, tension as a causative factor 
in poisoning by OHP, based chiefly on the early report of some investigators 
that this increase was too slight (a view later modified in light of later experiments) 
appears to be untenable because of the now well accepted fact that an increase in 
CO:, of otherwise inconsequential magnitude, becomes highly potent in the 
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presence of OHP. This increased potency is manifest by a pronounced enhance- 
ment of those reactions typical of OHP in the absence of exogenous COz; an ex- 
pectation that CO, in association with OHP would elicit the same response as CO2 
acidosis at atmospheric pressure—an argument used in the denial of the im- 
portance of CO; in OHP—appears to be unwarranted. Where, as has frequently 
been the case in experiments purporting to show the effects of OHP alone, there 
is any appreciable concentration of CO: in the respired OHP, it markedly aug- 
ments the effects of OHP chiefly by throwing additional load on an already dis- 
rupted CO, transport system. The presence of severe and extensive pulmonary 
damage which is sometimes induced by OHP in the more prolonged exposures 
must also contribute to an increased tissue CO, tension and an enhancement of 
the reactions. Taken as a whole the evidence would appear to fully justify the 
conclusion that the increased CO, tension constitutes an important etiological 
factor in poisoning by OHP. On the other hand CO, and its disturbed transport 
by the blood cannot be elected as the only etiological factor. 

4. Increased Tissue Acidity as an Etiological Factor. An increase in CO, ten- 
sion in the tissues implies an increase in tissue acidity and, barring some peculiar 
specific action of COs, it is fair to assume that the action of CO, in OHP is at- 
tributable to its acid properties. Stadie, Riggs and Haugaard (1944) point out 
that as a result of failure in the reduction of oxyhemoglobin in OHP one should 
expect an increased acidity of venous blood. That an increased blood acidity 
does occur under these conditions was demonstrated inexperiments mentioned 
above (Bean, 1929, 1931). This increase may be safely accepted as reflecting a 
shift of tissue pH to the acid direction. The findings of Campbell (1929) also 
indicate the tissue acidity increased in exposures to OHP. Bert (1878) specula- 
tively remarked that tissue acidity might be increased in poisoning by OHP and 
be the cause of death. 

Behnke, Shaw, Shilling, Thomson and Messer (1934), while granting that an 
increase in acidity of venous blood is possible (they found by indirect methods, a 
change in pH from 7.33 to 7.30) when oxyhemoglobin is not reduced, concluded 
that this increase is so small as to be insignificant as an etiological factor in O2 
poisoning. Behnke, Johnson, Poppen and Motley (1935) on the basis of ex- 
perimental data from human subjects state that “Increased tissue acidity re- 
sulting from exposure to oxygen is ruled out by the constancy of the respiratory 
minute volume at 1, 2, 3 and 4 atmospheres’ pressure. While there are minor 
fluctuations in minute volume, there is no consistent tendency toward an increase 
as the oxygen pressure is raised.” 

Other things remaining constant, an increase in ventilation at atmospheric 
pressure does suggest increased tissue acidity; on the other hand it would seem 
unwise to assume that respiratory minute volume by itself constitutes an infal- 
lible index of the degree of tissue acidity, particularly in exposures to OHP. 
Certainly hyperpnea and dyspnea are common characteristics of the response of 
anesthetized (urethane) animals to OHP, yet prolonged apneas have occasionally 
been recorded in such exposures (Bean, 1932). 

The lack of an exact parallelism between the degree of hyperpnea and the 
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acidity of the tissues in OHP is indicated by the finding (Bean, 1931) that the 
greatest increase in blood acidity very commonly occurred in those animals 
whose breathing was least increased by the OHP. This emphasizes the im- 
portance of the hyperpnea in OHP as a compensatory reaction against an in- 
creasing tissue and blood acidity. 

The fact that increased CO, does not under all circumstances or in all concen- 
trations result in increased breathing attests to the inadvisability of assuming 
that an increased CO, tension and the consequent increase in tissue acidity in- 
variably elicits hyperpnea. Marshall and Rosenfeld (1936) and Moyer and 
Beecher (1941, 1942 a, b) found that the administration of O, at atmospheric 
pressure to anesthetized (barbiturates) animals subjected to increased CO, 
tensions, resulted in diminished breathing and even apnea. These findings 
provide evidence of both the fallacy and the danger of assuming that increased 
CO, tension and the accompanying elevation of tissue acidity always increases 
breathing. The decreased breathing and occasional apnea which not infre- 
quently occur in the late stages of exposures to OHP may be due, in part at least, 
to a somewhat comparable reaction of the organism to increased CO». Similarly, 
the less pronounced response to OHP, of animals decerebrated under evipal 
anesthesia (Bean and Rottschafer, 1938) and the relatively low percentage of 
animals anesthetized with barbiturates which were convulsed by OHP (Behnke 
et al., 1934), may find partial explanation in this action of increased CO:- tensions 
in the tissues. 

Bert (1878) reported that the presence of CO, in the respiratory medium di- 
minished the occurrence of O. convulsions even though the severity of the ex- 
posures might be such as to cause death. He attributed this absence of any 
marked response of some subjects (birds) to OHP, to the CO: which acted on 
the tissues as an anesthetic to prevent the seizures in a manner similar to that of 
chloroform. It should be emphasized, however, that because under some cir- 
cumstances increased CO, diminishes breathing, it does not necessarily follow 
that excess CO, must have attained such proportions as to depress the under- 
lying vital phenomena; it may very well be that distinctly lesser concentrations 
of CO, might diminish breathing or hold it temporarily in abeyance, not because 
of a depressant influence but rather simply because of an interference with, or 
maladjustment of, the normal integrative mechanisms. ‘The respiratory records 
presented by Behnke et al. (1935) do not include any tracing of the respiratory 
minute volume obtaining under exposure to OHP but those tracings which are 
shown of the breathing in O, at atmospheric pressure do illustrate distinct re- 
spiratory changes. The authors suggest that these changes were caused by an 
increased sensitivity to CO2, induced by the increased O» tension. 

The conclusion of Shaw, Behnke and Messer (1934) agrees that even a rela- 
tively slight increase in CO, tension becomes peculiarly effective in the presence 
of OHP and this implies a similarly enhanced significance to the attendant small 
increase in acidity. Incidentally the results of these experiments illustrate how 
misleading it is to assume, that because a certain chemical change in an animal 
appears to be “insignificant’”’ under conditions of normal pressure, it should re- 
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retain that same insignificance under the vastly different adjustments obtaining 
in an animal exposed to OHP. 

The acceptance of increased acidity as a significant contributor in the reac- 
tions to OHP is indicated in the report of Behnke and Willmon (1939) on their 
investigation of the use of OHP in deep-sea diving. In contrast with the con- 
clusion of Behnke et al. (1934) on the insignificance of a pH change of from 7.33 
to 7.30 these authors state that one of the factors ‘“‘worthy of emphasis” is, “‘that 
the acidity of the venous blood is increased by a pH change of 0.03 when oxygen 
is inhaled.” On the whole, then, the experimental findings and interpretations 
of earlier workers regarding the significance of COz and increased acidity in 
poisoning by OHP find support and confirmation in the later work of other au- 
thors who, having originally denied the importance of these factors, have later 
come to recognize their potency. 

One of the various possible modes by which increased acidity might con- 
ceivably contribute to the reactions of poisoning by OHP which deserves mention 
is the effect which increased pH has on synaptic physiology. Gesell, Brassfield 
and Hamilton (1941, 1942) have presented evidence that one of the determinants 
of the intensity and duration of cell activity is the pH at the site where cell 
activation is normally accomplished by the physiologically liberated acetyl- 
choline. Increased cH serves to protect this humoral substance from destruc- 
tion, thus its duration and intensity of action are increased. One might therefore 
suspect that an increased tissue acidity arising from the various conditions ob- 
taining in OHP would contribute to the general reaction of the organism by 
virtue of its influence on the longevity of acetyl-choline. 

Questioning whether the response of isolated smooth muscle to OHP might 
not be due to increased concentration of acetyl-choline liberated from intrinsic 
nerve endings Bean and Bohr (1940) found that atropinization failed to prevent 
the typical response of the tissue to OHP and inferred therefrom that the effect 
of OHP on isolated smooth muscle was not due to acetyl-choline. On the other 
hand the same authors observed (1940, unpublished data) that OHP does not 
eliminate the action of acetyl-choline artificially administered to tissue under 
pressure. While these results suggest that the potentiation of acetyl-choline 
by increased acidity does not play an essential réle in the O2 poisoning of isolated 
tissue preparations, they do not rule out the possibility of its involvement in O:2 
poisoning in the intact animal. The problem calls for further experimental work. 
In this connection the fact that the normal destruction of acetyl-choline is ac- 
complished through the enzyme cholinesterase is of especial interest for if OHP 
inhibits cholinesterase as it does some other enzymes, acetyl-choline effects 
should thereby be augmented. 

The probability that CO, enhances the toxic influence of OHP by virtue of its 
acid properties, demands a consideration of other mechanisms operative in OHP 
which may lead to an increased tissue acidity, for example, the decreased me- 
tabolism which occurs under such conditions. 

5. Decreased Metabolism as an Etiological Factor. In considering changes in 
metabolism, cognizance must be taken of the fact that many reports to the effect 
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that OHP causes a decrease in metabolism have been based upon data taken 
from experimental animals in those terminal states where such decrease would be 
expected as a part of the slowing up of all vital phenomena preceding actual 
death, and do not, therefore, represent any action peculiar to OHP. However, 
even after necessarily discounting such data there remains convincing evidence 
that OHP does have a depressant action on metabolism. 

The significance attached to the decrease in metabolism induced by exposures 
to OHP has been variously interpreted. Campbell (1937a, b) has maintained 
that the decrease in body temperature of animals exposed to OHP, is a protective 
metabolic reaction against the toxic influence of OHP. Ozorio de Almeida 
(1934) believed that the decreased metabolism in OHP is the cause of the pul- 
monary damage and convulsions induced by OHP. Bert held that it represented 
the actual death of the cells. This decreased metabolism may conceivably rep- 
resent an ultimate etiological factor in the poisoning by OHP, or it may on the 
other hand contribute to the reaction by augmenting the tissue acidity. Ac- 
cording to Bert the oxidations in animals possessed of hemoglobin failed because 
the O2 was not derived from the oxyhemoglobin, the implication being that O, 
so derived had some peculiar property essential to oxidations not possessed by 
the O2 which, under OHP comes directly from simple solution in the blood and 
tissue fluids without intermediary association with hemoglobin. Neverthe- 
less in those forms of life devoid of hemoglobin it was maintained that the excess 
of dissolved O2 alone decreased the oxidations. It was further claimed that the 
decrease in oxidations induced by OHP, unlike that resulting from exposure to 
low Oz, was caused by some toxic substance which, produced by the OHP, per- 
sisted in the body after the animal’s return to normal environment and resulted 
in ultimate death. 

There are however several conditions obtaining in animals exposed to OHP 
which suffice to explain this decreased metabolism without the necessity of re- 
sorting to the introduction of a hypothetical toxic substance. Among such 
conditions are the increased CO, tension and tissue acidity, both of which depress 
tissue oxidations; another is a direct action of OHP itself on the intimate mech- 
anisms of cellular respiration. 

6. Direct Action of Oxygen at High Pressure; Enzyme Involvement. That OHP 
has some more direct action on tissues other than that effected through increased 
CO, tension and its disturbed transport by the blood, is demonstrated by the 
fact that it adversely affects isolated tissue preparations, and kills or injures 
organisms which possess neither circulatory system nor hemoglobin; and since in- 
creased O2 tension, or pure Oz, even at atmospheric pressure inhibits many types 
of enzyme activity (see section I) it would appear that one important avenue 
through which a direct action of OHP might be accomplished, would be an at- 
tack upon cellular enzyme mechanisms. The early experiments of Bert provide 
suggestive evidence that OHP does impair enzyme activity; he pointed out that 
the more intimate vital phenomena were affected. But his own general con- 
clusions regarding the effects of OHP on ferments, if correct, would appear to 
rule out the possibility that enzymes were either directly or indirectly affected 




















EFFECTS OF OXYGEN AT INCREASED PRESSURE 131 


by OHP. According to Bert’s designation, enzymes as we now define them 
would be classed with his ‘‘false” ferments—non formed (‘‘ferments non figures’’) 
soluble products or extracts of cells—and these he claimed, remained unaltered 
by OHP. It was only the ‘‘true”’ ferments—living microscopic organisms—that 
were adversely affected, as he says, “les organismes microscopiques qui consti- 
tuent les vrais ferments . . . sont tués par l’oxygéne; qu’au contraire, les ferments 
non figurés, solubles, les diastases, lui résistent parfaitement et sont méme con- 
servés par lui.” | 

Bert observed that although the putrefaction of meat was suspended by its 
exposure to OHP, it turned acid in reaction; no tests were made but he suggested 
this might be due to an accumulation of lactic acid as a result of the suspension 
of the fermentation processes by the OHP. Unaware of these early speculations 
of Bert, Bean and Haldi (1932) posed the question of whether the decreased 
metabolism induced in animals by OHP might not be reflected in an alteration 
in the lactic acid of the blood. Finding a reversible increase in the blood lactic 
acid of urethanized dogs exposed to OHP these investigators suggested in ex- 
planation, that the toxic effects of OHP involved a poisoning of enzymes with a 
resultant disturbance in oxidative processes. 

The experiments of Meyer (1927) provide direct evidence that OHP alters 
enzyme activity; that author found that suspensions from macerated brain tissue 
which had previously been exposed to O2 at pressures slightly less than 4 at- 
mospheres for 4 hours, were less efficient in oxidizing guaiacum in the presence 
of hydrogen peroxide than those of similar tissue preparations which had been 
exposed to atmospheric air for an equal period. It was concluded that OHP 
caused a decrease in metabolism of the brain. 

Libbrecht and Massart (1935) found that in the blood of rabbits which had 
been convulsed by exposures to O, at 4 atmospheres for 30 minutes, the ratio of 
the oxidized to reduced glutathione was decreased to one-tenth of its normal 
value and believed this was causally related to the impaired oxidation in the 
tissues which obtains in such exposures. Libbrecht and Massart (1937) using a 
chamber which provided means of controlling the necessary experimental pro- 
cedures from outside, studied the effects of OHP on the preparations in question 
while they were still subjected to the increased pressure. They found that the 
exposure of fresh succino-dehydrogenase preparations to O, at between 4 and 5 
atmospheres poisoned the system so that the O, consumption was completely 
stopped. But in experiments in which the activity of the cytochrome system 
in the preparation had previously been eliminated by the use of cyanide, this 
poisoning of the dehydrogenase system was absent. The authors concluded from 
this that molecular O: is not toxic but that it becomes so when activated by the 
cytochrome system; according to them it is active O2 which inhibits the dehydro- 
genase system. 

Stadie, Riggs and Haugaard (1944) state that the term ‘‘l’oxygéne actif” of 
Libbrecht and Massart is not sufficiently specific and suggest that perhaps the 
hypothesis of these authors might be “‘re-framed by stating that the cytochrome 
system together with the oxygen at high pressures oxidizes the succino-dehy- 
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drogenase.'to an. inactive form.’’ But in their own experiments Stadie and as- 
sociates found no. evidence to support this hypothesis. 

Yet the experiments.on rabbit intestine (Bean and Bohr, 1940, unpublished 
data) indicate that.the cytochrome, or some other cyanide-sensitive system does 
play a réle in:the toxic action of O, at high pressure on isolated tissue for it was 
found that:although O, pressures of from 3 to 6 atmospheres caused a rapid drop 
in the tonus of isolated pyloric sphincter, this depressant action of high Oz pres- 
sure could be eliminated by previously treating the tissue with NaCN which of 
itself caused no change in tonus. The fact that NaCN caused no appreciable 
change in tonus'of the pyloric sphincter was interpreted to mean that the main- 
tenance:of tonus:in that. tissue is not dependent upon a cyanide-sensitive system 
and ‘since in the absence of NaCN, O» at high pressure causes a sharp drop of 
tonus it would appear that O, at high pressure affects enzyme systems other than 
those which are cyanide-sensitive. The results suggested further that the en- 
zyme systems responsible for the maintenance of tonus in the pyloric sphincter 
and in the circular duodenal musele are not identical. 

Bohr and Bean (1940) in experiments on fresh extracts of pork hearts found 
that exposure to O, at pressures of 7.5 atmospheres, irreversibly decreased suc- 
cino-dehydrogenase activity by:as much as from 9 to 50 per cent, and suggested 
that the incomplete reversal of the toxic effects of OHP on isolated tissues pre- 
viously noted, might be explained by such an irreversible inactivation of enzyme 
funetion. These authors proposed that considerable variation in the degree of 
inactivation of the enzyme preparations by OHP might explain the striking 
individual variation in the susceptibility of animals to the toxic effects of OHP 
so frequently observed. The greater resistance of young animals to the toxic 
action. of OHP, as reported by some investigators, the enhancement of resistance 
by thyroidectomy (Campbell, 1937b) and by starvation (Ozorio de Almeida, 
1934) might also be explained by a certain enzyme state peculiar to each of those 
conditions. The great variety of susceptible enzyme systems may further con- 
tribute to the wide variation in the susceptibility to the toxic action of OHP seen 
not only in different individuals but also in different animal forms. 

By far the greater part of the evidence of enzyme inactivation by Oz, which at 
best is limited, has been derived from experiments carried out with ificreased 
tensions of Oe, or pure O:, at atmospheric pressure and it is not unlikely that 
some of this evidence is applicable also to the effects of O, at pressures of several 
atmospheres. But in assuming that the same effects, somewhat enhanced, 
should necessarily oceur in OHP as in O, at atmospheric pressure some caution 
may bé demanded. ': The case of hemochromogen enzymes may perhaps be il- 
lustrative'.of this. .Hoberman and Rittenberg (1943) found that hydrogenase 
along with hydrogenlyase, enzymes first described by Stephenson and Stickland 
(1931), is reversibly inactivated by oxygenation for 24 hours. This inactivation 
was attributed to an oxidation of a heavy metal portion of the enzyme which 
they believed was an iron porphyrin-protein complex. They concluded that in 
the presence of O, the enzyme is in the oxidized state but in the presence of hy- 
drogen and reducing agents it is in the reduced state. According to this, then, 
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the toxic action of O. on the enzyme, previously noted by: several investigators 
(Stephenson and Stickland, 1931; Wilson, Lee and Wilson, 1942), might be 
explained simply as the transformation of the iron to the oxidized state, in which 
form the enzyme is inactive, whereas reduction of the. iron constitutes a reactiva- 
tion of the enzyme and so reverses the toxic action of the Os. 

Stadie and associates (1944) accept this as one of the well substantiated the- 
ories of enzyme inactivation by O, but their own experiments showed that cata- 
lase, which is another hemochromogen comparable to that of . hydrogenase, 
was not inactivated by O, even at high pressures. The authors point out that 
this indicates that all iron or metallo-hemochromogen enzymes may not react 
in the same way to O2. However, perhaps one may question whether these 
results may not also indicate that hemochromogens react differently in Oz at 
high pressure than they do in increased O: tensions at atmospheric. pressure. 
Hoberman and Rittenberg found that increased pressure of heavy hydrogen in 
their experiments (470 mm. Hg) decreased the activity as compared with that 
at a pressure of 30 mm. Hg. 

Another reason for questioning the expectation that the effects of O2 on en- 
zymes at high pressure should be the same as those at atmospheric pressure is 
the fact that catalytic action in some purely physico-chemical systems has been 
found to be distinctly altered by increased pressure. One explanation offered for 
this is that increased pressure induces a molecular rearrangement at interfaccs. 
There would seem to be no justification for denying the possible occurrence of 
similarly important molecular rearrangements in biological systems. 

In spite of the probable differences in the effects of O2 at atmospheric and at 
high pressures, the literature concerning enzyme inactivation by O2 at atmos- 
pheric pressure offers a variety of suggestive possibilities by which OHP may 
inhibit enzyme activity. Stadie and associates (1944) group those they consider 
most significant as follows: (1) oxidation of a co-enzyme to the inactive oxidized 
form; (2) oxidizing activating sulfhydryl compound; (3) oxidizing active —SH 
groups of the enzyme molecule; (4) oxidation of metallo-hemochromogens to 
inactive oxidized forms; (5) oxidizing the activating metal constituent; (6) forma- 
tion of an inhibitor from precursor other than the enzyme; (7) alterations in the 
oxidation-reduction potential of the medium. 

Fahr (1941) reported that intra peritoneal injection of lactoflavin, nicotinic 
acid amid (‘‘Nicobion’”’ Merk) decreased the toxie action of OHP (4 to 6 atm.) 
in subsequent exposures. Glutathion likewise was of some, but much less, 
benefit. These effects were thought to be explainable on the basis that OHP had 
a toxic action on a redox system in the enzyme mechanisms. 

The activity of most enzyme systems is sensitive to changes in the reaction 
of their immediate environment so that even relatively small shifts in pH become 
very significant. This is illustrated by the pH curves of Wilson, Lee and. Wilson 
(1942) which show that a sharp decrease in the activity of the enzyme hydro- 
genase occurs (at atmospheric pressure) when the pH falls only slightly below 
the optimum of about 7.3. The striking enhancement of the reaction.to OHP, 
both in animals possessed of hemoglobin and in those such as Drosophila which 
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are devoid of this pigment, may find an explanation then in the acid effect of CO, 
in combination with the influence of OHP itself, on tissue acidity. This would 
appear to be particularly significant since the optimum pH of many enzymes 
other than hydrogenase are in the neighborhood of 7.4 (Koehler and Reitzel, 
1925; Lehmann, 1935; McGowran and Rheinberg, 1933). 

In summary then it may be said that the evidence from experiments on iso- 
lated tissues, and extracts therefrom, together with data on enzymes from other 
sources, indicate that fundamental cellular metabolism can be altered by a direct 
action of OHP on enzymatic processes. This direct action, operative in the 
absence of a circulatory system, is not dependent upon a disturbed CO, transport 
function of hemoglobin. 

The fact that CO, augments the toxic effects of OHP on organisms devoid of 
hemoglobin such as Drosophila and some bacteria must mean that CO, has some 
distinct adverse effect of its own, perhaps due to its acid properties, when associ- 
ated with OHP or that it potentiates the direct toxic action of the OHP on en- 
zyme systems. 

In those animals possessed of hemoglobin the direct effect of OHP on tissue 
enzymes must share a goodly portion of the responsibility for the reactions and 
decreased metabolism which exposure to OHP induces. But in these animals 
there is, in addition to this direct effect of OHP by itself, the increased tissue 
CO, tension and tissue acidity consequent upon a disturbed CO, transport. 
This COs acting in the presence of OHP, perhaps in a manner similar to that sug- 
gested above in connection with response of animals devoid of hemoglobin, 
augments the reactions of the animals to OHP. 

If, further, there be CO, present in the environmental OHP or if COs: elimina- 
tion at the lungs is impaired, there is thrown an additional load on an already 
disrupted CO, transport system and there results a more rapid onset and a still 
further augmentation of the intensity of the OHP reaction. The direct toxic 
action of OHP on respiratory enzymes, the influence of increased CO, tension 
either by itself or in some potentiative combination with OHP on enzyme mech- 
anisms, and the acid effect of CO:, all tend toward an increased tissue acidity 
and decreased metabolism. In OHP, the situation would seem to be such that 
not only does increased acidity, such as that arising from COs, disrupt enzyme 
activity, but also that OHP, by directly disrupting enzyme activity, further 
increases tissue acidity. 

7. Hyperoxic Anoxia. The reactions of isolated longitudinal muscle of rabbit 
duodenum, to OHP, to sodium cyanide, and to low O» have been found (Bean 
and Bohr, 1940) to be so very similar as to suggest that a common factor is 
operating in all three conditions; this might very well be an increased tissue 
acidity, which in the case of both the cyanide and the OHP may arise from the 
diminished QO, utilization consequent upon a poisoning of respiratory enzymes. 
Or it might be that the low O, utilization, which amounts to a hypo- or an 
anoxia, is itself the more fundamental factor common to these three conditions. 
This seemingly paradoxical relationship where, in OHP, the superabundance of 
O» induces tissue changes and elicits responses, which are typical of those induced 
by O- deficiency, has been referred to as “hyperoxic anoxia.” 
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There are numerous other observations, especially those from intact animals 
which lend support to the view that in both anoxia, and in poisoning by OHP, the 
same fundamental processes are affected: For example, it may be more than 
coincidental that the nausea, vomiting, defecation, pupillary dilatation, muscular 
tremors, prostration and convulsions seen as symptoms of cyanide poisoning, 
of asphyxia and of the anoxia of altitude or mountain sickness, are also found in 
poisoning by OHP. Ravenhill (1913) found that convulsive seizures occurred 
in altitude sickness; Kaunitz (1942) observed anoxemic convulsions in mice; and 
convulsions occur not infrequently in routine testing of aviation cadets in low 
pressure chambers (Gemmill, 1942). 

Haldane and Priestley (1935) pointed out that in diving operations where the 
Oz of the respired gas was about 2 atmospheres, the reactions of the workmen, 
particularly the loss of memory and abnormal behavior, “were strongly sugges- 
tive of an effect on the brain ... similar to that caused by too low an oxygen- 
pressure.”’ The several reports to the effect that young animals are more re- 
sistant to the toxic action of OHP than older ones constitutes still another point 
of similarity between O2 poisoning and anoxia, since it is found that young mice 
are more resistant to cyanide and to asphyxia than old mice (Reiss and Hauro- 
witz, 1929). * 

Further suggestive evidence that the toxic action of OHP may be essentially 
due to an anoxia is found in the similarity between some of the late responses to 
OHP in experimental animals (disturbed equilibrium, neuro-muscular inco- 
ordination, gait and posture) and those of alcoholic intoxication, the effects of 
which have been long likened to those of low O2 (Ravenhill, 1913; Barcroft, 1920, 
1925; Haldane and Priestley, 1935) and have been more recently recognized as a 
form of real anoxia (Palthe, 1926; MacFarland and Barach, 1936; MacFarland 
and Forbes, 1940). 

It is well recognized that anoxia may be attended -by striking changes in per- 
sonality and this too has a counterpart in poisoning by OHP; docile, tame white 
rats have not infrequently been changed to combative vicious, biting animals by 
exposure to OHP. Another feature common to both low O:, and to OHP, is the 
wide individual variation in susceptibility to the deleterious action of each of 
these conditions. Finally OHP (Ozorio de Almeida, 1934) like low O2 (Monge, 
1942, 1943) causes sterility in male animals. 

Taken as a whole the evidence forms a rather substantial basis for the inter- 
pretation that hyperoxic anoxia arising from enzyme poisoning, and intimately 
bound up with tissue acidity, constitutes an exceedingly important etiological 
factor in the production of, if it is not the ultimate cause of, the toxic action of 
OHP; an animal poisoned by OHP is in effect then drowned in Oz. 

8. Increased Oxidation in the C.N.S. Finding that thyroidectomy increased 
the resistance to the toxic effects of OHP, Campbell concluded (1937b) that O- 
poisoning is due to an ‘‘excessive and rapid oxidation in the nerve cells, and that 
the usual end products of metabolism, e.g., carbon dioxide, are responsible for 
the poisoning.” Bounhiol (1929) likewise held that metabolism was increased 
by OHP and suggested that this, in conjunction with an impaired removal of 
metabolites, would result in an excessive accumulation of metabolites which 
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would eventually slow and limit the reaction in conformity with the law of Le 
Chaletier. 

Certainly in view of the disruption in the carriage of CO, by the blood as oc- 
curs in OHP, and the peculiarly high potency of CO, and OHP in combination 
on cellular processes, anything which augments metabolism, such as increased 
thyroid activity or elevated body temperature, should be particularly effective 
in hastening the onset, and enhancing the severity of the reaction to OHP. To 
date, however, there appears to be no very reliable indication that OHP does in- 
crease metabolism; in fact with few exceptions the evidence, as previously stated, 
points to the contrary. Campbell (1937a) has himself maintained that the fall 
in body temperature which, according to a number of investigators takes place 
in OHP, constitutes a protective reaction against its toxic action. Granting 
that such a drop in temperature does take place and that it serves a protective 
function it is difficult to reconcile such effects with the proposed concomitant 
increase of metabolism within the C.N.S. 

It has been generally accepted that an increase in environmental temperature 
does augment the toxic action of OHP but in spite of the importance of the 
temperature factor in O2 poisoning, a fall in body temperature is not necessarily 
a guarantee against the occurrence of the toxic effects; nor is am elevation in 
temperature a sure index that convulsions will occur. The temperature of 
Thompson’s alligator rose from 51° to 75°F. during an exposure to O, at a pressure 
of about 4 atmospheres, and under ordinary circumstances it would be fair to 
assume that there was an accompanying increase in metabolism; yet no convul- 
sive attack occurred. On the other hand his warm-blooded animals, the tem- 
perature of which dropped during the exposure, suffered severe O, convulsions. 
These observations argue against the excess oxidation theory of O2 poisoning. 
But even if this theory were entirely acceptable, the increased oxidation would 
only be an intermediate step on the road to a more rapid CO, accumulation, to 
increased tissue acidity, and thus to the eventual disruption of normal oxidative 
processes. 

9. Toxic Substances. The idea that poisoning by OHP might be due to some 
toxic substance seems to have originated with Bert, who, as already mentioned, 
claimed that the reactions to OHP, particularly the convulsive seizures, must be 
due to some toxin produced by OHP and which primarily affected the C.N.S. 
and continued to do so even after the animal’s return to normal atmospheric 
pressure. He was unable, however, to reproduce in normal animals either the 
convulsions or any of the symptoms of O» poisoning by transfusion of blood from 
those suffering O2 poisoning. He concluded therefore that the convulsive sei- 
zures were not due to circulating toxins. He did hold, nevertheless, that death 
from OHP was caused by some toxic substance produced in the tissue by OHP 
as he says, “‘I] semble qu’il se soit, sous |’influence de l’oxygéne comprimé, formé 
dans les éléments anatomiques qualque produit toxique, qui ne peut pas tou- 
jours s’éliminer, et tue alors méme que sa cause formatrice a disparu. Aller 
plus loin que cette hypothese me paraftrait une impudence dans |’etat actuel 
de la science.” 

The observation of Barsoum and Gaddum (1936) that the blood of patients 
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suffering from superficial burns from high temperature in the 21 per cent Oz of 
the normal atmosphere contained increased amounts of histamine, suggested to 
Campbell (1937c) that OHP (4 to 6 atmospheres) at 33°C might lead to similar 
“burning” of some tissue, especially that of the lung, and result in an increase 
of blood histamine. This view, reminiscent of the early theories regarding the 
incendiary action of O2 on the lungs was tested experimentally. It was found 
that blood histamine of rats exposed to O2 at 5 atmospheres was about 3 times 
that of normal rats; yet histamine injected into normal rats failed to produce the 
symptoms of O: poisoning or to augment the symptoms induced by exposure to 
OHP. Attempts (Campbell, 1937b) were made also to duplicate the picture of 
Oz poisoning by injecting into normal rats not only the blood but also extracts 
of brain and liver from rats previously poisoned by OHP. These injections 
likewise failed to elicit the response of O2 poisoning; injections of similar extracts 
mixed with thyroxin were also without effect. The experimental results of 
Iwanow, Krawtschinsky, Prikladowizky and Ssonin (1934) likewise failed to 
prove Oz: poisoning was caused by some special toxic substance, and Bean and 
Bohr (1940) were unable to demonstrate that any toxic substance was released 
from isolated smooth muscle poisoned by OHP. 

10. Psychological Factors. In connection with the discussion of the effects 
of compressed air some stress was laid on the fact that man or other experimental 
animal under emotional strain is not quite the same chemical or physical ma- 
chine that he is under ordinary circumstances. This would seem to be applicable 
also in the exposures to OHP; while a given chemical or neuromuscular adjust- 
ment of psychological origin might exist at atmospheric pressure without gross 
manifestations, the superimposition of OHP may provide a combination which 
induces reactions which would not be precipitated by each of these conditions 
alone. The evaluation of such combination of conditions is extremely difficult, 
if not impossible, but such difficulty provides no excuse for their dismissal as non 
existent. 

In experiments on rats known to be particularly susceptible to audiogenic 
convulsions, the reviewer has observed that the noise of the escaping gas, as oc- 
curs on decompression from increased pressures, has in several animals been 
sufficient to precipitate seizures. It is not unlikely therefore that the addition 
of the audiogenic influence to that of the convulsant action of OHP may, in 
some instances, help to precipitate reactions to OHP which otherwise might not 
occur. This suggests the possible importance of an involvement of psychological 
factors in the precipitation of both the subjective and the objective reactions to 
OHP. The wide individual variation in the psychological element may provide 
another explanation for the wide individual variation in the response to OHP 
which has been so commonly observed in both man and other experimental 
animals. 
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One of the minor effects of global war has been the stimulation or intensifica- 
tion of interest in the fauna and particularly the poisonous animals found in 
distant places. Handbooks on a wide variety of subjects have been prepared for 
the use of our armed forces. One devoted to the poisonous reptiles of the world 
attests the importance of a knowledge of this group of potentially dangerous 
animals (1). Information on bees, spiders and scorpions is probably of equal 
importance for those who must campaign in tropical and semitropical regions. 
The current use of animal venoms as therapeutic agents lends a practical aspect 
to a review of this subject at the present time. 

In preparing this paper it was hoped that the complete literature published 
during the last five years might be covered but this rather modest ambition 
could not be realized. The literature on the subject of poisonous animals is 
widely scattered and in many instances is written in a language wholly unfamil- 
iar. Occasionally some idea was gained of the contents of certain papers through 
abstracts and reviews but, when possible, the original paper was consulted. In 
short the incomplete nature of this review is freely admitted. 

GENERAL CONSIDERATIONS. Poisonous aninals are not confined to one or two 
classes of the animal kingdom but are found in practically every major division 
from the lowest to the highest, as has been ably demonstrated by Phisalix (2). 

In the present paper chief attention has been given to those animals that are 
acknowledged to be potentially dangerous to man. With few exceptions they 
occur among the insects, spiders, scorpions and reptiles. Geographically, poison- 
ous animals are more abundant in the tropical and semitropical regions of the 
earth and the seas that surround them than in the temperate regions. The poi- 
sons of most animals are used primarily to obtain food and secondarily for protec- 
tion. Since man cannot be used by any poisonous animal for food, bites and 
stings that he receives are to be considered in the nature of accidents. 

The material on each group of poisonous animals will be concerned with 
chemistry, pharmacology, symptomatology, pathology, treatment, immunity 
and use of the poisons as therapeutic agents. 

CoELENTERATES. Certain jellyfish are known to be dangerous toman. The 
Portuguese man-of-war is able to cause in man alarming and serious symptoms. 
Two cases of severe poisoning have been recently described by Stuart and Slagle 
(3). Little is known of the chemical nature of the venom and its pathologic 
effects have not been studied thoroughly. The symptoms of jellyfish poisoning 
are well known and have been ably presented (3) as follows: severe burning pain 
in the area of contact, cramps in the muscles of the trunk and extremities, board- 
like rigidity of the abdominal muscles, respiratory difficulty with severe mucous 
congestion and spasm of the muscles of respiration, profuse nasal and bronchial 
secretion with incessant cough, profuse lacrimation and perspiration. Because 
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of the striking similarity of the symptoms to those following an effective bite of 
the black widow spider (Latrodectus mactans), calcium gluconate (10 cc. of a 10 
per cent solution) was given intravenously with prompt relief of the muscle spasm 
and respiratory difficulty. The authors offered the suggestion that the stings of 
jellyfish are more dangerous in tropical than in temperate waters. 

ArtTHRopops. The honeybee (Apis mellifera). The current use of the venom 
of the honeybee as a therapeutic agent has revived interest in its chemistry and 
physiology. 

The response to intradermal, subcutaneous and intravenous injections of the 
venom of the honeybee is strikingly like that resulting from injections of the 
venom of the rattlesnakes Crotalus horridus, Crotalus atrox and so forth (4), and 
of the cobra (5). The blood pressure of rabbits and dogs usually shows a tem- 
porary elevation, which is followed after a few seconds by marked depression. If 
the dose is sublethal, the blood pressure returns to the control level and is ex- 
tremely refractory to subsequent larger doses of bee venom (tachyphylaxis). 
Repeated large doses can be given without causing a serious decrease of blood 
pressure. If the injections are continued, death of the animal finally results but 
is preceded by paralysis and convulsions (6). It is of interest to note that Vellard 
and Huidobro (7) found that repeated doses of the venom of Crotalus terrificus 
and Bothrops alternata given to rabbits produced each time less effect until mas- 
sive doses did not affect the blood pressure. Neither venom protected against 
the action of the other. Both venoms lost this protective power after being 
heated to 65° C. Also an abrupt but transient increase in resistance of pigeons 
to the venom of Crotalus adamanteus has been described (8). A satisfactory ex- 
planation ‘of these observations awaits further research. 

Derevici, Derevici and Gingold (9) found in one series of experiments on 
rabbits constant leukopenia (about 3,000 cells in each cubic millimeter of blood) 
and reduction of erythrocytes. They also found decreased concentration of 
hemoglobin in four cases but increased concentration in three cases following the 
sting of 100 bees. The animals that survived for two hours were bled and obser- 
vations made. In another series of rabbits that received five, twenty-five, fifty 
and one hundred stings respectively there was a decrease of 1,000,000 to 2,000,000 
erythrocytes per cubic millimeter of blood. This reduction did not appear to be 
related to the dose. In this experiment there was an increase in the number of 
leukocytes, which was in contrast to the leukopenia in the other experiments. It 
has been reported that rabbits stung by eighty-five bees each and studied five 
or six hours later have no change in blood sugar, a moderately increased blood 
urea, a markedly increased blood cholesterol, a slight increase in blood calcium 
and a decrease in the blood chlorides. The convulsions resulting from bee venom 
intoxication were attributed to the decreased blood chlorides. These authors 
failed to obtain a neutralization of bee venom by serum from guinea pigs made 
immune to it (10). Kendrick and Essex (6) were unable to protect other dogs 
with serum of dogs highly immune to bee venom. 

Bee venom and cobra venom cause a long-lasting output of epinephrine when 
injected into the celiac artery of cats after evisceration. This finding was 
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thought to be due to the formation of lysolecithin in the adrenals. Lysolecithin 
caused a similar output of epinephrine. After repeated large doses of venom or 
lysolecithin the medullary cells became irresponsive to further stimulation (11), 
Bee venom and ergotamine abolished the inhibiting action of epinephrine and 
certain other agents on the isolated perfused intestine (12). 

The pathologic effects of acute and chronic bee venom poisoning in mice have 
been reported (13). The outstanding macroscopic finding at necropsy was gross 
hyperemia of the lungs, the spleen, the liver and the kidneys. Microscopically 
the principal finding was an inflammatory reaction of various organs character- 
ized by perivascular infiltration. 

Cornil, Paillas and Chouquet (14), working with rats and guinea pigs, paid 
particular attention to the effect of the venom on the nervous system. With 
sufficient doses the animals showed paralysis of the limbs that had received the 
bee venom, torpor, sleepiness and generalized convulsive reactions. Histologi- 
cally there were degenerative alterations of the nerve cells and demyelination of 
the fibers of the peripheral nerves. Similar findings were reported as a result of 
poisoning by scorpions (15). 

There is being accumulated a growing body of evidence that the severe reaction 
of some persons to the sting of bees is owing to hypersensitivity to certain pro- 
teins which are not necessarily a part of the poison itself (16, 17, 18, 19, 20, 21, 
22). Desensitization has been accomplished by antigens prepared from the whole 
body of the insect (16). The toxicity of the venom has been reduced by treat- 
ment with glutathione and by theolactin (23). 

As a therapeutic agent bee venom has been used for chilblains (24), arthritis 
(25, 26, 27, 28, 29, 30, 31), neuritis (32) and trachoma (33). The benefit that 
attended its use in certain cases has been attributed /, to its action as a counter 
irritant (26); 2, to its vasodilator action resulting in increased metabolism (27), 
and 3, to stimulation of the nervous system (14). A certain number of arthritic 
patients appear to be benefited more or less by the use of bee venom therapy but 
it is questioned whether this method offers enough promise of advantage over 
other methods of treatment to justify its further trial (29). Itis believed by some 
observers that bee venom is worthy of consideration and further study in the 
treatment of arthritis (25, 26, 28, 30,31). Crain (34) as well as Hollander (29) 
expressed doubt whether it is worth what it costs the patient in money, time and 
inconvenience. 

Scorpions and scorpion stings. Myths concerning certain animals have been 
evolved and still persist in spite of scientifically established facts that deny their 
truth. Waterman (35) has given an account of the common scorpion of Trini- 
dad (Tityus trinitatis) and Sergent (36) has reported on some erroneous ideas 
concerning the scorpions of Algeria. It is agreed that scorpions, quite unlike 
snakes, are highly susceptible to their own venom but the myth that, if sur- 
rounded by fire, they commit suicide by stinging themselves has been exploded. 
An informative review on the subject of scorpion sting has been written by 
Roch (87). 

Of the fifteen species of scorpion in Arizona only two are capable of doing seri- 
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ous harm toman. They are Centruroides sculpturatus and Centruroides gertscht. 
Their venom is neurotoxic, causing rapid death or convulsions and other grave 
symptoms in rats. The stings of the other species cause only a local reaction, 
usually not more serious than the sting of a bee or wasp (38). 

Kent and Stahnke (39) have stated that since 1919 more deaths have resulted 
from scorpion sting in Arizona than from the bite or sting of any other venomous 
animal. They did not state the number of deaths. The toxicity of the venoms 
of the striped scorpion (Vejovis spinigerus), the giant hairy scorpion (Hadrurus 
hirsutus) and the yellow slender-tailed scorpion (Centruroides sculpturatus) 
was tested by causing them to sting rats. Only the sting of Centruroides sculp- 
turatus was serious for rats, which succumbed ten to ninety minutes after an 
effective sting. The local effects were minimal. General symptoms were 
pronounced. Children are much less resistant to the venom than adults. Un- 
less early and adequate treatment is given, the outcome is usually fatal to 
infants. 

De Magalhées (40) studied experimentally the venom of four of the thirty- 
eight or thirty-nine species of scorpion in Brazil; namely, Tityus bahiensis, 
Tityus serrulatus, Tityus dorsomaculatus and Bothriurus (species?). He stressed 
the importance of knowing the amount of venom injected into experimental 
animals and described a method of collecting the venom. In 13 per cent of 985 
human cases of scorpion sting the outcome was fatal. In 161 cases studied from 
this point of view, the sting was inflicted on the lower limbs in 25.71 per cent, 
on the upper extremities in 57.23 per cent, in other places in 4.76 per cent and in 
an unknown site in 12.35 per cent. 

According to Barros (41), from 1919 to 1936 there were 629 cases of scorpion 
sting in Belo-Horizonte, Brazil, all of which were due to T%tyus serrulatus. 

Among the twelve species of scorpion found in Palestine Shulov (42) has 
shown by animal experimentation that only one species (Buthus quinquestriatus) 
is dangerous. The sting of this species may prove fatal to children and serious 
for adults. In one year this author traced four fatal cases among children be- 
tween the ages of six and thirteen years. 

Sergent (43) listed the scorpions of North Africa in the order of their toxicity 
as follows: Prionurus australis, which is responsible for most of the fatal cases; 
Prionurus liowvillet, whose sting may prove fatal; Buthus occitanus, which kills 
only rarely, and Heterometrus maurus, whose sting has never been known to cause 
death. 

There is essential agreement among writers on this subject that the venom of 
the dangerous species of scorpions is highly neurotoxic. The local reaction is 
usually painful but in general is of minor consequence, There may be hemolysis, 
hemorrhages, cytolysis (local sloughing) and other effects but they are of second- 
ary importance since they are seldom lethal in themselves. De Magalhdes (44) 
has shown a close parallelism between the symptoms of syringobulbia and those 
‘ of severe scorpion poisoning. Alarming symptoms usually appear within two 
hours after a serious sting. In addition to local symptoms the following general 
manifestations usually appear: /, sweating, disorders of temperature regula- 
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tion, agitation, headache and dizziness; 2, disorders of respiration: increases or 
decreases in respiratory rate, paralysis, coughing, sneezing and profuse nasal 
secretion ; 3, circulatory disturbances: tachycardia or bradycardia, extrasystoles, 
peripheral vasoconstriction, increased blood pressure and precordial pain; 4, 
digestive symptoms: nausea and vomiting, salivation, defecation (voluntary or 
involuntary) and diarrhea; 5, urinary effects: micturition (voluntary or in- 
voluntary), hematuria and anuria, and 6, sensory disturbances: visual disorders 
(blindness) and disorders of taste. 

As this array of symptoms resulting from severe scorpion poisoning is con- 
sidered one is reminded of the close similarity to the effects of the venom of certain 
rattlesnakes, which is predominantly peripheral in action. Consequently it 
seems proper to inquire whether the case for the central action of scorpion venom 
has been made too strong (15, 44). However, in support of the ‘‘central action” 
thesis Hasson and Mohammed (45) and later Mohammed (46) working with 
Buthus quinquestriatus, reported that paralysis of the parasympathetic nervous 
system by atropine and of the sympathetic nervous system by ergotoxin entirely 
protected animals against lethal doses of the venom of this species. On the other 
hand, Mohammed (46) has shown by animal experimentation that the toxins of 
the Egyptian scorpions act directly on the endings of the autonomic nervous 
system. 

Among the pathologic changes observed (15) in twenty-two rabbits killed by 
injections of Tityus serrulatus venom were generalized hyperemia and vasodilata- 
tion of the brain, particularly evident in the medulla and pons. Hematomas 
were found in the region of the pons and medulla arising from ruptures of the 
basilar artery in 40.9 per cent of the twenty-two rabbits. Microscopically there 
were hyperemia of the brain and marked capillary dilatation, with changes in the 
vegetative centers consisting of cellular swelling, liquefaction and chromatolysis. 
Silver stain showed pronounced hyperchromasia and swelling of the intracellular 
neurofibrils of the pons and medulla. Since the cells of the vegetative centers 
were specifically damaged, Barros (15) expressed the belief that the venom has an 
elective effect on these centers and that the symptoms of scorpion poisoning 
support this concept. 

Hasson and Mohammed (45) and later Mohammed (46) reported that proper 
doses of atropine alone or ergotoxin alone or these two drugs in combination pro- 
tect rats and dogs against as much as two lethal doses of scorpion poison. Com- 
presses of ammonium hydroxide may be of benefit. if applied within ten minutes 
after the sting (39). Good results are claimed for application of cold to the site 
of the sting (38). Rao (47) claimed that sodium bicarbonate neutralizes scorpion 
poison both in vitro and in vivo. All workers are agreed on the advisability of 
giving scorpion venom antiserum whenever possible in serious cases. In the 
opinion of most authorities administration of antiserum is the only measure that 
offers any hope for the victims of severe scorpion sting and then only if adequate 
doses are given early. This treatment has reduced the mortality rate from 42- 
per cent to about 1.8 per cent (40). Sergent (36) reported that in forty-nine (81 
per cent) of sixty cases in which there were alarming symptoms the patients were 
saved by the use of antiserum. Other treatments are symptomatic. Morphine 
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is said to be dangerous but barbiturates are thought to be less so for cases of 
scorpion poisoning. Bromides in large doses are recommended as being of value 
(39). Basu (48) recommended application of ammonia to the site of the sting 
and injection of 2 per cent solution of procaine hydrochloride with epinephrine 
around the puncture to ease pain. As supportive measures saline solution and 
solution of glucose were given rectally or subcutaneously and camphor in ether 
as well as epinephrine was given intramuscularly. For the pulmonary edema, 
atropine was administered subcutaneously. Calcium was also administered 
intramuscularly. Of nineteen persons who had been stung by scorpions twelve 
were cured, five died, one was relieved and the other was “discharged otherwise.” 

Antiserum for scorpion sting has been produced in horses at the Pasteur Insti- 
tute; in Brazil cattle are used (40). To obtain enough venom to immunize large 
animals is a heroic undertaking, since as many as 20,000 scorpions are necessary 
for complete immunization of a single cow (40). Rabbits, dogs, goats (46) and 
other small animals have been used. Mohammed (46) recommended the use of 
0.33 mgm. of atropine per kilogram of body weight and 0.005 mgm. of ergotoxin 
per kilogram in the early period of immunization to protect the animal against 
the lethal effect of the venom. When the animals had become immune to several 
lethal doses of the venom the ‘pharmacologic antagonists’? were dispensed with. 
A technic has been described for the preparation of amorphous and crystalline 
scorpion toxin which appears to be more potent than that produced by previous 
methods (49). A toxoid or anavenin has been prepared (50, 42) by treating the 
venom with formalin. This procedure has been of great aid in the rapid produc- 
tion of antiserum for scorpion poison. The highly specific nature of the anti- 
serum of certain species is emphasized by Varela (51), who found that horse serum 
highly immune to the venom of Centruroides limpidus limpidus did not neutralize 
the venom of Centruroides sufusus. Failure to produce an active toxoid by 
treating the venom of Centruroides limpidus limpidus has been reported. Fish 
are more susceptible than frogs to the venom of Centruroides limpidus limpidus 
and cats and pigeons are very susceptible. 

Many cases are on record of dramatic recovery from serious symptoms follow- 
ing the use of scorpion venom antiserum (52, 39). Severe crippling, supposedly 
the result of scorpion sting, has been described (52). Scorpion venom, so far as 
I have been able to find, has not been used in the treatment of any human ailment 
in modern times. 

Our knowledge of the chemical nature of the venom of scorpions is practically 
nil. 

Spiders. Spiders, like the snakes, in respect to the action of their venom, may 
be divided roughly into two groups. Those whose venom has a marked local 
action, such as that of the genus Lycosa, form one group and those whose venom 
produces severe general symptoms but slight local reaction, like that of Latrodec- 
tus mactans, form the other (53). The reports that have appeared in recent 
years are concerned almost exclusively with the latter group. The genus Latro- 
dectus contains three species that are largely responsible for the most severe 
accidents caused by spiders; namely, Latrodectus mactans, Latrodectus indistinctus 
and Latrodectus hasselti. In the western hemisphere Latrodectus mactans is the 
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most important poisonous spider from the point of view of the toxicity of its 
venom and also of distribution, which is very extensive. The distribution of 
Latrodectus hasseltt (Australia) and Latrodectus indistinctus (Africa) is quite gen- 
eral in the eastern hemisphere. Smithers (54) found the latter species occurring 
in all sections of Cape Province, South Africa. Case reports involving these 
species were not encountered in the literature covered by this review. 

The recent literature on Latrodectus mactans has been summarized by Sampayo 
(55) along with the presentation of new experimental data from his own work. 
Using macerated cephalothoraxes of Latrodectus mactans he found that 50 per 
cent of the guinea pigs (weighing 200 to 300 grams) given half of a cephalothorax 
subcutaneously or intravenously died; three-quarters of a cephalothorax killed 
all the guinea pigs injected. The glands from forty Latrodectus geometricus 
given intravenously were required to kill a similar sized guinea pig. Rats proved 
to be more resistant to the venom of Latrodectus mactans than guinea pigs. The 
venom from fifteen glands given intravenously was required to kill a rat weighing 
185 grams. The white mouse was also more resistant than the guinea pig to the 
venom of the black widow spider. A rabbit bitten on the ear did not show symp- 
toms but it should not be inferred that the rabbit is more resistant to the venom 
of this spider than the other laboratory animals used. The spider may have 
failed to inject any venom. 

The toad is highly resistant to spider venom. The symptoms produced in the 
dog by spider venom are different from those is observed in the guinea pig. 
Nausea, vomiting, diarrhea, excitability, trembling and howling are observed 
among dogs that have received sufficient doses. However, the dog is highly 
resistant to the action of the venom. Intravenous injections of 10 to 100 glands 
were necessary to produce death, which occurred in about a week. The results 
that I obtained (unpublished data) with guinea pigs and dogs are in complete 
accord with these findings. In my experiments one dog was given seventy bites 
by fifteen spiders. Pulmonary edema and pneumonia developed but the animal 
recovered after about ten days. The effect of spider venom on the lungs of guinea 
pigs closely resembles that of various snake venoms, histamine and fatal anaphy- 
laxis, since in all cases severe emphysema is present (56). Among dogs extensive 
congestion of all the digestive organs, gastric hemorrhage and petechial hemor- 
rhages in the terminal portion of the rectum were found. The only treatment 
that was satisfactory was specific antiserum. Epinephrine, ephetonin, atropine, 
ergotoxine, coramine, phenobarbital and morphine were administered subcu- 
taneously. Morphine alone seemed to be of some value. Injections of calcium 
gluconate and magnesium sulfate were not effective (55). In my experience 
calcium gluconate gave symptomatic relief to pups that showed severe reactions 
to many bites of Latrodectus mactans. 

Among dogs that had been bitten repeatedly by Latrodectus mactans a high 
degree of immunity developed. Although there was practically no reaction at 
the site of the bites initially, as immunization proceeded large wheals appeared 
around the site of each bite. 

Shapiro, Sapeika and Finlayson (57), using the venom of Lactrodectus indits- 
tinctus, performed experiments on frogs, guinea pigs, rabbits and cats. Solutions 
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of 1:6,000 caused marked slowing and finally complete arrest of the frog’s heart. 
Injections of 1 to 3 mgm. into the ventral lymph sacs of frogs weighing 21 to 25 
grams caused death in twenty-four to thirty hours. Electrocardiograms of the 
cat following injections of the venom showed almost immediate cardiac slowing, 
inversion of the T wave and absence of the P wave. The symptoms among cats 
and rabbits were increased blood pressure, restlessness, dyspnea, salivation, weak- 
ness, immobility and death. Necropsy did not reveal anything macroscopically 
abnormal. The smooth muscle of the small intestine and of the pregnant, but 
not the virgin, uterus was stimulated. 

Odoriz and Sampayo (58) made an electro-encephalographic study of the effect 
of Latrodectus mactans venom on the central nervous system of the guinea pig, cat 
and dog. They found that the resulting tracings indicated hyperexcitability 
and resembled the effects of alkalosis and epileptic convulsions. 

The majority of papers concerning poisonous spiders that have appeared dur- 
ing the last five years are reports of cases of black widow spider (Latrodectus 
mactans) bite. It is now well recognized that the bites of certain spiders may 
cause serious symptoms and very rarely death in man. The symptoms may 
simulate those observed in acute abdominal conditions and, unless arachnidism 
is carefully considered, an unnecessary operation may be performed on the pa- 
tient. The importance of differential diagnosis is emphasized. The absence of 
abdominal tenderness and the presence of movement of the abdomen with res- 
piration help one to distinguish arachnidism from an acute abdominal condition 
(59, 60, 61, 62, 63, 64, 65). To the classic symptoms of arachnidism caused by 
the bite of the black widow spider—increased pulse rate, increased blood pres- 
sure, abdominal rigidity and painful cramping of the muscles of the extremities— 
has been added burning of the soles of the feet, which is said to be almost invari- 
ably present. Use of mosquito bar netting by troops in the field is recommended 
as an effective measure against arachnidism (66). 

Nonspecific treatment, such as the intravenous administration of calcium glu- 
conate or magnesium sulfate, has not been universally satisfactory. As in cases 
of scorpion poisoning, prompt and lasting benefit has been obtained by the use of 
specific antiserum (64, 67), which is the treatment of choice. The sooner it is 
given after a bite, the better the results. It might be suggested that antiserum 
be given in cases of doubt as to whether arachnidism or an acute condition of the 
abdomen is the cause of symptoms. Should prompt relief of symptoms follow 
this procedure, the evidence would be strong that arachnidism was present. 
Such a difficulty might easily arise in the case of infants. Antiserum against the 
venom of the black widow spider has been produced recently in rabbits (68). 

Kirby-Smith (64) reported one fatality among the twenty-four cases that he 
reviewed. Unfortunately, necropsy was not permitted. A report by Beasley 
(69) of the pathologic effects of fatal black widow spider poisoning is the only 
one in the literature to my knowledge. In this case there were no gross pathologic 
changes; there were chronic adenitis and acute hemorrhagic nephritis. With 
the possible exception of the adenitis these findings are in accord with findings 
in laboratory animals. 


A rare complication following the bite of a spider of undetermined identity has 
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been reported; the patient was a child three years old (70). Aside from swelling 
in the region of the bite there was marked hemoglobinuria, the color of the urine 
being inky-black. The concentration of hemoglobin was 59 per cent; erythro- 
cytes numbered 2,940,000 in each cubic millimeter of blood. Following intra- 
venous administration of solution of dextrose and transfusion, recovery occurred, 

-Reptines. Lizards. Since the fear of lizards is common, it may be reassuring 
to‘emphasize that only two species in existence are known to be poisonous. They 
are the Gila monster (Heloderma suspectum) and the beaded lizard (Heloderma 
horridum). There is not an authentic record of death in man caused by the bite 
of these reptiles and not a single reference was found to their bite or poison in the 
period covered by this review. 

Snakes. Among a world population of about 2,400 different species of living 
snakes, less than 200 are dangerous to man (1). An important record of the 
poisonous snakes and: the incidence of snake bite in Central America has been 
compiled by Clark (71). 

The preservation and sterilization of the venom of snakes are always a problem, 
since the venom is grossly. contaminated when collected (72). Sufficient heating 
for sterilization destroys certain elements of the venom, filtration holds back 
active constituents, but the addition of suitable amounts of phenol or sodium 
merthiolate keeps the venom solution, if properly collected, bacteria-free (73). 
The venom of the rattlesnake and moccasin was kept for six months without loss 
of .tdxicity by the use of alkyl-dimethyl-benzyl-ammonium chloride (zephiran 
chloride), 1:50,000 concentration (74). Venom kept dry or in solution is known 
to decrease in.potency with time. When venom of Lachesis alternatus was kept 
in the.dry state:for. twenty-four to twenty-seven years, 5 to 173 times as much 
of the poison was: required. to produce death as was necessary when the same 
venom was fresh (75). 

The chemistry of animal poisons was reviewed by Kellaway up to 1939 (5). 
Important contributions have been made in this field. The crystallization (76, 
77) .of the toxic principle of Crotalus terrificus challenged the old belief that each 
action of snake venom was owing to separate toxic principles, such as neurotox- 
ins, hemolysins, hemorrhagins, cytolysins and so forth. Since the blood coagu- 
lating and proteolytic activities were always found in the same fraction regardless 
of treatment, it was concluded that the two activities are due to the same pro- 
tein, which shows. the properties .of an albumin. The crystalline material con- 
tained all of the neurotoxic and hemolytic properties of the venom, a fact which 
has led. to the belief. that these two actions are due to one toxic principle. This 
conelusion has been questioned ' by Ghosh and De (78), who reported that they 
had been able to separate partially the hemolytic from the neurotoxic principle of 
Crotalus terrificus venom, ‘These workers have reported the isolation of the 
neurotoxic principle of the venom of the cobra (Naja naja) (79). The active 
principles, of certain samples .of the venom of Vipera russellii and Bungarus 
fasciatus were concentrated so that for the same nitrogen content the activity of 
the neurotoxin of the. former, was about 7.8 and 9 times greater respectively 
than in the crude venom. The neurotoxins were not always free from the hemo- 
lytic: principle .(80)..:... 9) 
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Attempts at fractionation of the hemorrhagic and hemolytic components of 
water moccasin venom have been made. Both principles were found associated 
with protein fractions (81). The enzymes of the venom of the cobra (Naja 
naja), Russell’s viper (Vipera russellii), Boa fasciatus and Echis carinaia have 
been studied (82). Each contains a proteinase, which shows optimal activity 
toward gelatin. The venoms from Naja naja and Boa fasciatus contain cho- 
linesterase but venoms of Vipera russellii, Echis carinata and Crotalus terrificus 
do not. In Ghosh’s opinion the neurotoxin in cobra venom cannot be identical 
with cholinesterase, since its destruction does not affect neurotoxic activity. A 
purified hemolysin from cobra venom was prepared (82) The chemical compo- 
sition of the yellow and the brown venom of Bothrops jararaca was studied (83) 
but an appreciable difference in the toxicity and solubility was not found. 

The influence of geographic location on the toxicity of the venoms of Crotalus 
terrificus, Bothrops atrox, Bothrops neuwiedii, Bothrops jararacussu and Bothrops 
jararaca has been studied. The venom of Crotalus terrificus of Argentina, Para- 
guay and Brazil regardless of the color (yellow or white) is nearly devoid of pro- 
teolytic power but has a strong neurotropic action, whereas the venom of this 
same species in Venezuela is markedly proteolytic but weakly neurotoxic. The 
same is said to be true of the venom of Crotalus terrificus durissus of Central 
America to an even stronger degree. If effective antivenin against these snakes: 


is to be produced, venom from different regions must be used in the immunizing 


process (84). Antivenin prepared with the more neurotoxic (white) venom of 


Vipera aspis neutralizes both white and yellow venoms (85). Phisalix (86) and. 
Césari and Boquet (85) reported that the colorless venom of Vipera aspis-:is: 


largely neurotoxic as compared with the yellow venom, which contains all of the 


usual toxic principles. The effects of heating and short-wave radiation on the 


toxicity of the venom were described (87). There are in the venoms of Vipera 
aspis and Naja tripudians free flavins and flavins fixed to the protein molecule, 
which account for their fluorescence (88). 

Many substances have been found to attenuate, inactivate or dautnigil the 
venoms of snakes (87, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100). The saponin 
nature of snake venom is denied (101). Cobra venom reduces the vitamin C 
content of the adrenals and livers of guinea pigs (102). Tiger snake (Notechis 
scutatus) venom inactivates co-enzymes through the action of a nucleotidase, 
which accounts for the inhibitory effect of the venom on glycolysis, fermentation 
and on certain dehydrogenases (103). The perfused limbs of toads become more 
edematous after addition of cobra (Naja tripudians) venom to the perfusion 
fluid than after the addition of Crotalus or Bothrops venoms. ‘The power to pro- 
duce edema is proportional to the hemolytic power of the venoms (104). 

Biochemical studies on rabbits (105) and on man (106) following repeated 
doses of cobra venom gave essentially negative results. 

De (107) tested the effect of different substances on the activity of cobra 
(Naja naja) hemolysin on the erythrocytes of the guinea pig. Optimal pH for 
hemolytic activity was 7.6. Accelerators and inhibitors of hemolysis were 
studied. Slotta and Forster (108) determined by standard methods the sulfur 
content of the venoms of Crotalus terrificus and Bothrops jararaca. 
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Pharmacology of snake venom. Feldberg and Kellaway (109) and Trethewie 
(110) have shown that histamine and coagulable proteins were liberated by per- 
fused tissues when the venom of various snakes was added to the perfusing fluid. 
Trethewie (110) and Kellaway and Trethewie (111) found a strict parallelism 
between hemolytic activity and capacity to liberate histamine and proteins, 
which they interpreted as indicating that the liberation of histamine and protein 
in cell injury is mediated by the formation of lysocythin. The injection of the 
venom of rattlesnakes into intact rabbits (112) and into rabbits and guinea pigs 
(56) produces a decrease of the histamine in the blood plasma. If death was 
rapid, the reduction of histamine was less than if death was slow. A striking 
similarity of the action of trypsin and rattlesnake venom has been described (56). 
Kellaway and Trethewie (111) have reported what they assumed to be adenyl 
compounds in the perfusate from the perfused liver, kidney and heart of the 
rabbit and the heart of the cat after injections of cobra (Naja naja) venom. 
One is inclined to wonder whether the secondary effects of snake venom poison- 
ing, such as the liberation of various substances like histamine, adenyl compounds 
and enzymes, have been allowed to eclipse the primary effects of the venom on 
the cells which made possible the liberation of these injurious substances (113). 
It may be asked if these substances are not rather a measure of the initial severe 
injury of the cells of the organism by the venom rather than the cause of the 
physiologic effects that follow its injection. 

1. Effects on circulation. The fall in blood pressure produced by sufficiently 
large doses of cobra (Naja bungarus) venom according to Gautrelet (113) is 
‘neither cardiac nor central but is peripheral in origin and is analogous to the 
action of histamine and proteotoxic substances. The action is essentially on the 
capillaries. Amuchastegui (114) reported that the venom of Naja tripudians 
causes arterial hypotension and venous hypertension, which he interpreted as 
being due to myocardial insufficiency. This action was considered primary. 
Macht (115) expressed the opinion that the decreased blood pressure caused by 
cobra neurotoxin is secondary to paralysis of the respiratory center or, in other 
words, that the venom is central in action. The work of Kellaway and Trethe- 
wie (111) indicates that the action of cobra venom is not simple, that it affects 
adversely the cells of all the organs studied. An attempt to account for hypoten- 
sion or any of the other physiologic effects on the basis of a single mechanism is 
oversimplifying the problem. Gottdenker and Wachstein (116) and Macht 
(115) obtained. hypertensive effects by injections of dilute solutions of cobra 
venom. Gottdenker and Wachstein observed vasoconstriction of the vessels of 
the perfused ear of the rabbit but dilatation of the coronary vessels. Gautrelet 
(113) did not observe a change in the vessels of the ear of the rabbit with Naja 
bungarus venom. Sarkar, Maitra and Ghosh (117) stated that the neurotoxin 
of cobra venom, unlike the crude venom, does not have any definite action on the 
blood pressure of rabbits. 

Electrocardiographic effects of intravenously administered cobra (Naja naja) 
venom in rabbits were bradycardia, increased P-R interval, RST deviation and 
terminal heart block; in cats, tachycardia, inversion of T wave, extrasystoles, 
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increased P-R interval (irregularly), effects resembling bundle branch block and 
ventricular fibrillation (111). Similar results were reported by Amuchastegui 
(118), who used Naja tripudians. Gautrelet (113) observed only a few extra- 
systoles resulting from injections of the venom of Naja bungarus into the dog. 
Gottdenker and Wachstein (116) observed profound changes in the electrocardio- 
gram of cats similar to those described by Kellaway and Trethewie (111). The 
differences in results that have appeared in the papers on cobra venom just 
referred to are not surprising when the species, dose:of venom used, experimental 
animal, experimental procedure and other variable factors are considered. 
Rather, these differences tend to emphasize the complex nature of the problem. 
In experiments with the venom of Crotalus terrificus on dogs, Soaje Echague (119) 
found such marked electrocardiographic changes in the rhythm and conduction. 
of the heart that he concluded that the venom acted directly on the myocardium. 
A comparison of the effect on goldfish of morphine, cobra venom and neurotexin 
showed morphine to be a depressant or to be lethal, while cobra venom stimulated 
the activity of the goldfish (120). 

Action of the venom of Bothrops alternata on the heart and circulation of the 
dog has been described. There was initially hypotension, then definite electro- 
cardiographic changes following single lethal or repeated small doses of the venom. 
Amuchastegui considered the primary effect as peripheral and the cardiac effects 
as secondary (114). 

Grasset and Schaafsma (121) have studied the tenbbidey of the venom and the 
blood of the “‘boom-slang” (Dispholidus typus). The venom contains coagulant 
and proteolytic fractions which are antigenically different. In contrast to what’ 
is usually seen, the serum and blood of the snake are nontoxic. 

In addition to the typical findings in poisoning with the venom of the pit viper 
Brown (122), working with the venom of the water moccasin (Agkistrodon 
piscivorus), observed neurotoxic activities which were believed to produce res- 
piratory and vasomotor depression or failure in dogs. Evaluation of central and 
peripheral effects was difficult under the conditions of his experiments. The 
isolated heart of the frog responds to cobra venom (Naja naja) by irreversible 
systolic contracture with signs of impairment of conduction, shortening of the 
duration of systole and changes in the QRS complex and T wave. Auricular 
strips of the hearts of rabbits and guinea pigs are thrown into systolic standstill 
by cobra venom (116). The purified neurotoxin separated from the crude venom 
of Naja naja causes principally augmentation of the force of the beat of the per- 
fused heart of the toad. With sufficient doses there is irregularity with ventricu- 
lar block, which may be relieved by washing the heart. Cardiac arrest is not 
produced even by high doses in the heart of the toad, rabbit or guinea pig (117). 

The venom of the water moccasin (Agkistrodon piscivorus) acts directly on the 
ganglia of the isolated heart of thefrog. In sufficient concentration there is pre- 
liminary stimulation followed by failure. If the concentration of the venom is 
sufficiently dilute, the heart is stimulated and its efficiency exceeds that of the 
controls. There were muscular irregularities with all but the weakest so- 
lutions (123). 
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\2. Respiration. There is agreement among workers that cobra venoms or 
their:neurotoxins when given in sufficient doses cause respiratory paralysis. 

3. Blood coagulation, hemolysis and so forth. The venom of Bothrops atrox 
coagulates blood or fibrinogen solution in vitro but like many venoms when 
given intravenously it produces marked prolongation of clotting time with a re- 
duction in prothrombin and fibrinogen (124). Kauer, Bird and Rezinkoff 
produced an antiserum in rabbits which neutralized the clotting properties of 
the venom in vitro and modified the effect of the venom in vivo. Von Klobu- 
sitzky (125) reported the isolation of the coagulating principle of Bothrops 
jararaca. The influence of temperature on the toxic principles of the venom of 
this snake was investigated by Taborda (126). The fraction causing clotting is 
suddenly decreased when heated to 60° to 70°C. The proteolytic principle 
decreases suddenly at 70°C. In a previous publication, methods were presented 
for standardizing the coagulant action of the venoms of snakes of the genus 
Bothrops (127). Clotting time, using Vipera russellii venom, has been studied 
by Page, de Beer and Orr (128, 129) in its relation to prothrombin concentration 
in human plasma. The effect of lecithinized venom on prothrombin clotting 
time (128, 129) and the stability of thromboplastic-like activity under various 
conditions of storage (130) also have been studied. 

Hanut (131) observed the effect on coagulation of blood in vitro and in vivo of 
the venoms of Bothrops atrox, Bothrops nummifera, Bothrops alternata, Bothrops 
neuunedti, Bothrops lanciolata, Vipera aspis, Cerastes aegyptiacus, Crotalus terri- 
jicus; Daboia elegans and Naja tripudians. The venom of Daboia elegans was 
the most coagulant while that of Crotalus terrificus had either a coagulant or an 
anticoagulant action. The venom of Naja tripudians was inconsistent in its 
anticoagulant action from one batch to another. The mechanism of the various 
actions was discussed. 

Henry (132) has reported that reduced glutathione given either in vitro or in 
Vivo possesses an action which is antagonistic to the anticoagulant properties of 
cobra (species not stated) venom and protects the animal against hypocoagulants. 

‘The coagulant action of daboia (Vipera russellii) venom is dependent on suffi- 
ciént concentration of calcium ions; is independent of platelets; is synergistic 
with the action of tissue extracts, of platelets and of cephalin and is distinct from 
that of thrombin, prothrombin or thromboplastic substances and from that of 
trypsin, papain or the snake venoms that resemble those enzymes in their coagu- 
lant action. The coagulant action of daboia venom appears to be exerted 
through an interaction with tissue extracts or with cephalin contained in such 
extracts (133). 

Methods of separating toxic and coagulating factors of tiger snake (Notechis 
scitatus) venom are given and the coagulating factors of this venom are described. 
The coagulating factor is nontoxic when given subcutaneously and the toxic factor 
is devoid of coagulating power. Tiger snake venom and its coagulating principle 
behave like thrombokinase plus calcium, readily converting prothrombin to 
thrombin (134). 

The action of moccasin (Agkistrodon piscivorus), cobra (Naja flava) and fer- 
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de-lance (Bothrops atrox) venom on egg yolks, free lecithin, cephalin and deriva- 
tives of these phosphatides has been studied by Chargaff and Cohen (135), who 
reported that in contrast to the thromboplastic effect of cephalin, lysocephalin 
does not have any influence on the blood clotting mechanism. 

In a test of coagulative potency of seventeen commercially available products, 
nine were found to be practically inactive. The only products that were sig- 
nificantly active were those that must be used orally or locally. Bothrops 
jararaca venom under the conditions of these experiments gave a coagulation time 
of twenty-one seconds with normal plasma and thirty-one seconds with hemo- 
philic plasma. The venom of Vipera russellii used in full strength coagulated 
normal and hemophilic plasma in thirty seconds (136). 

Venoms that have phosphatide but little if any coagulating properties (Naja 
tripudians) produce after injection into the dog powerful hemolytic properties 
which destroy masses of erythrocytes. During this first phase, which is very 
brief, the cells are very vulnerable to hypotonic solutions or to physical disturb- 
ance. With the destruction of the phosphatides the negative phase is reached. 
In this phase hemolysis progressively decreases. It is thought that this mechan- 
ism is important in the protection of the organism against. snake venoms (137, 
138). 

The venom of Vipera russelliz alone or plus lecithin has been used as the clot- 
accelerating reagent in the Quick test. By its use three types of hemorrhagic 
tendency were recognized: hemophilia, purpura rreertan and prothrombin 
deficiency (139). x 

A common property of snake venoms is their ability to eause hemolysis. De 
(140, 141) has presented a method of purifying the hemolysin of cobra (Naja 
naja) venom. The resulting product was eleven times as potent as the crude 
venom. The hemolytic activity of crude venom and purified hemolysin was 
depressed or lost after these substances had been exposed to iodine, ferricyanide 
and hydrogen peroxide. De made the significant. discovery that the venom: and 
purified hemolysin could be reactivated by reduced glutathione, hydrogen sulfide, 
cysteine and other agents. 

The toxic nature of the blood of snakes is well established but the diaerensis 
is new and interesting that blood of poisonous and nonpoisonous snakes when 
mixed with the venoms of Crotalus adamanieus, Agkistrodon piscivorus and 
Bothrops atroz inhibits their hemorrhagic action but does not prevent their lethal 
effects when injected into mice. Such an antihemorrhagic principle was not 
found in serums of warm blooded animals (142):: 

Bertrand and Vladesco (143, 144) studied the effect of snake venoms on the 
blood sugar level of guinea pigs and rabbits.. Cobra venom caused a concentra- 
tion of sugar in the blood more than double that of the control. Since Feldberg 
(11) showed that injection of snake venom into the celiac artery caused a long 
sustained liberation of epinephrine, the hyperglycemia may be owing to that 
mechanism. 

Macht and Macht have published entenbimeli on the comparative effect of 
cobra venom and morphine on animals, under a variety of experimental condi- 
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tions (145, 146, 147, 148, 149). Relatively large doses of cobra venom were given 
to rabbits five or six days a week for seven to twenty-two weeks without altering 
their renal or hepatic function (150). Proper doses of vitamin B, increased the 
resistance of mice to cobra neurotoxins. Mice maintained on diets deficient in 
vitamin B, were less resistant to cobra venom than normal but the analgesic po- 
tency of the venom was not affected (151). 

- Moccasin venom has the capacity of killing, agglutinating and lysing the 
lymphocytes but has little or no effect on the viability and motility of the poly- 
morphonuclear leukocytes (152). 

For those who have seen the snake dances of the Hopi Indians and have won- 
dered why the warriors do not suffer more serious harm from the bites of the 
rattlesnakes that they occasionally receive, Stirling (153) offers the very probable 
suggestion that during previous handling the poison glands of the snakes have 
been emptied or the venom has been considerably reduced in quantity. 

Immunity to snake venoms. The production of antivenin has been greatly 
facilitated by the development of more efficient methods. The detoxication of 
snake venoms by treatment with formaldehyde has made possible more rapid 
immunization. A 1 per cent solution of the venom is mixed with 1 per cent solu- 
tion of formaldehyde, filtered and then kept for three weeks at 37°C. Within four 
to six weeks 4 to 6 grams. can be given subcutaneously to a horse, whereas six 
months would have been required to develop an equal tolerance with injections 
of glycerin solution and untreated venom (154). A similar method was used by 
Césari and Boquet (155, 156) to immunize rabbits against the venom of Vipera 
aspis. In their experience the hemolytic and proteolytic powers were more 
resistant to treatment than the coagulating power, which was soon lost. High 
antivenin titers were developed, since 2 cc. of serum was enough to neutralize 1 
mgm. of the venom. Penna Sobrinho (157) reported good results in the produc- 
tion of antiserums against the Crotalidae. Ramon, Boquet and Nicol (158) 
detoxicated the venom of Vipera aspis with formol; with a 4 per cent solution 
incubation was twenty to thirty days at 40°C.; with a 5 per cent solution incuba- 
tion was ten to twelve days. Within forty days after the beginning of immuniza- 
tion of a horse, 1 cc. of its serum neutralized 1 mgm. of the venom. By their 
technic antiserum for snake venom could be produced as rapidly as for diphtheria 
and tetanus toxins. By treating the venom of the ‘“‘boom-slang” with formalin 
Grasset and Schaafsma (159) were able at the end of seventeen days’ treatment to 
inject the equivalent of 1,000 M.L.D. into pigeons without causing death. 

It is said that as a science matures it becomes mathematical. If so, the study 
of animal venoms is showing signs of growing up, since Ghosh and Kundu (160) 
have developed an equation representing the neutralization of Russell’s viper 
venom by its antivenin. From some of their observations they suggested the 
possibility of titrating antivenin in vitro against the venom of Vipera russellii by 
comparison of the turbidity resulting from mixtures of venom and antivenin. 

The protective power of monovalent antiserums against the venom of other 
species of poisonous snake has long been a question of vital importance to those 
who are producing antiserums for the treatment of snake bite and for those who 
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are required to administer them. Githens and Wolff (161, 162, 163) have been 
concerned with this problem and the results of their work have answered many 
difficult questions. An immunizing mixture which contains a small number of 
rattlesnake venoms produces an antivenin with neutralizing power for the venoms 
of many other pit vipers; however, the North American pit vipers form three 
antigenic groups. Therefore, if an effective polyvalent antiserum is to be pro- 
duced, venom from each group should be used in the immunizing mixture. It is 
particularly essential that one of the more neurotoxic venoms, such as that of 
Crotalus mitchellit, Crotalus tigris or Sistrurus catenatus, be included. Certain 
bothropic venoms and the venoms of true vipers are neutralized to some extent 
by pit viper antivenin. 

Githens (164) has found the necrotizing factor much more constant than the 
neurotoxic factor of pit viper venoms but different lots of venom differ widely in 
their content of blood clotting factor, some lots showing more than 1,000 times 
as much as others, and the clotting factor does not bear any relation to the other 
actions of the venom. Polyvalent antivenins neutralize the necrotizing and 
neurotoxic factors more effectively than the clotting factor. These results are 
interesting in the light of the work of Slotta and Fraenkel-Conrat (76), who stated 
that the coagulating fraction of Crotalus terrificus venom contained all of the 
proteolytic activity while all the neurotoxic and hemolytic activity was con- 
tained in a single uniform fraction, which they crystallized. Important informa- 
tion on polyvalent antiserum has also been published by Grasset and Schaafsma 
(165, 166) and by Klobusitzky (167). Considering the variability of the venom 
of even the same species of pit viper one should be charitable if another investi- 
gator’s results are different. The importance and wisdom of developing other 
adequate methods of standardizing antivenins appear obvious (168, 169, 170). 

Snake venoms, when treated in a wide variety of ways or with many different 
substances, lost their toxicity but Loiseleur (171, 172, 173) has shown that the 
treatment of snake venom with copper sulfate renders it nontoxic when injected — 
into rabbits. However, the toxicity can be restored by proper treatment with 
proteins in vitro (141). An important question that remains unanswered is 
whether the antigenic power of the treated venom is retained. This information 
would be valuable also with regard to the venom detoxicated by glutathione 
(174, 175). 

The temporary resistance, or refractoriness (tachyphylaxis), to the venoms of 
the cobra (116), Crotalus adamanteus (8), Crotalus terrificus and Bothrops alter- 
nata (7) has been described but a satisfactory explanation for this phenomenon 
has not been made. 

An important observation (176) has been made in respect to cross immuniza- 
tion of mice with the endotoxin of Salmonella typhimurium and the venom of 
Agkistrodon piscivorus. Seventy per cent of the mice immunized to endotoxin 
survived intraperitoneal administration of 0.2 mgm. of moccasin venom; 73 per 
cent of the mice immunized to the moccasin venom survived that dose of the 
venom. Eighty-three per cent of the mice immunized to Salmonella endotoxin 
survived 8 mgm. administered intravenously while 53 per cent of the mice immu- 
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nized to moccasin venom survived that dose of endotoxin. These doses of 
endotoxin and venom were respectively 4 and 2 lethal doses. The suggestion is 
made that cross protection may be due to the presence in gram-negative organ- 
isms and moccasin venom of a common factor characterized by hemorrhagic 
antigenicity and a lack of serologic specificity. This could have been tested, at 
least in part, by the use of other pit viper venoms. 

Pathology. The pathologic findings in the dog following intravenous injec- 
tions of lethal doses of the venom of the rattlesnake (Crotalus horridus) have been 
reported (177). Fidler, Glasgow and Carmichael (178) have described the patho- 
logic changes produced by subcutaneous injections of rattlesnake (Crotalus 
atrox) venom into monkeys. The gross and microscopic findings are described 
and the probable cause of death is discussed. 

Treatment of snake bite. The time-honored first step in dealing with snake bite 
is placing a tourniquet if the wound has been received on an extremity (179). 
There is not full agreement as to what the tourniquet accomplishes but that the 
purpose of applying the tourniquet is to retard the absorption of the injected 
venom few would doubt. How the tourniquet should be applied is a subject for 
debate. Kellaway (180) recommended obstruction of arterial flow but the usual 
instructions warn against such a procedure. Allen (181) presented a convincing 
experimental argument against an occlusive tourniquet after snake bite; he ex- 
pressed the belief that it is wholly harmful and should be abandoned; the only 
exception is that it may be serviceable sometimes as a preliminary to a delayed 
amputation. The work of Duran-Reynals (182) and Madinaveita (183) has 
demonstrated that the venom of the members of the family Crotalidae (pit vipers) 
contains a spreading factor capable of increasing the permeability of connective 
tissue and blood capillaries. The venom of the Colubridae Proteroglypha (cobra) 
family has relatively a small amount of this factor and the factor is almost entirely 
absent from the venom secreted by the skin of the toad. The spreading factor 
acts in the absence of the circulation and even aids in the diffusion of india ink in 
a dead animal. This work would seem to suggest that a tourniquet should be 
better able to control the spread of the venom of the cobra and related forms than 
the venom of snakes whose poisons are more necrotizing. 

The next step usually suggested in treating a snake bite is incision of the fang 
marks and application of suction after the manner of Jackson (184). This 
method in the absence of antivenin therapy or in combination with it is of definite 
value in the opinion of too many observers to mention. Complete excision is 
applicable only if carried out within the first few minutes after the bite (180, 
181). Amputation may be advisable if there is little doubt that a fatal dose of 
venom has been injected, as might be the case following the bite of a king cobra 
(181). Local venesection is recommended if done within two hours after the bite 
but not at all if a properly applied tourniquet has not been in place (180). 

In the symptomatic treatment of snake venom poisoning many drugs may be 
applied locally or given systemically with doubtful effect on the outcome (48, 
185). 
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The most effective treatment for the bite of poisonous snakes is specific anti- 
venin. Polyvalent antivenin is the next choice and should be given immediately 
after the bite; it should be given subcutaneously after the bite of snakes whose 
venom usually acts slowly (pit vipers) but intravenously in the presence of severe 
symptoms and after the bites of snakes whose venom may be rapidly lethal (180). 
The antivenin should be injected locally in and about the wound so that the local 
necrotizing effects of the venom may be reduced and in order that as much venom 
as possible may be neutralized before it gains entrance into the circulation. Since 
antivenin is effective against the spreading factor of venoms, there is definite 
indication for this procedure (182). 

The fear of death is so intense following snake bite in India that persons bitten 
by snakes are usually found in a state of collapse and sometimes moribund even 
though the snake may have been a nonpoisonous one. . The physician must dis- 
tinguish between ‘fear shock”’ and that due to venom poisoning (185). 

A number of reports of cases of bite by snakes and the treatment and outcome 
have appeared: adder bite (186, 187); pit vipers (Magee [188] reported an un- 
usually high mortality rate); Dendraspis (189). The successful treatment in a 
case of bite by an unknown snake in which an ‘“‘iron lung” was used has been out- 
lined by Linton and Sarkar (190). A compact suction kit for field use in case of 
snake bite has been described by Cutter (191). The treatment of snake bite in 
practice is discussed by Flecker (192). 

Snake venoms as therapeutic agents. Macht (193) recently has listed thirty 
conditions in treatment of which cobra venom has been used. It has been used 
for the relief of intractable pain due to 1, cancer, (194, 195); 2, neuritis, arthritis, 
arthralgia and neuralgia, intractable pain and painful conditions (196, 197, 198, 
199, 200, 201, 202, 203, 204, 205, 206); 3, nerve leprosy (207); 4, tabes dorsalis 
(208) ; 5, epilepsy (209, 210); 6, migraine (211); 7, herpes zoster (212); 8, osteitis 
deformans (213); 9, as a surgical preoperative and postoperative analgesic (214); 
10, cardiac conditions (205, 215, 216, 217); 11, thrombocytopenic purpura (218); 
12, syphilis. Rottmann (219) stated that he had obtained objective and subjec- 
tive improvement in seven cases of syphilis, in some instances after ten injections. 
Jahnel (220), prompted by Rottmann’s (219) report, tested the effect of cobra 
venom experimentally and found that single large doses that approached the 
limits of tolerance as well as repeated smaller doses were without influence on 
experimental syphilis in the rabbit or on the spirochetes in the rabbit. 

An evaluation of cobra venom as a therapeutic agent has been made in a pre- 
liminary report by the Council on Pharmacy and Chemistry of the American 
Medical Association (221). In this report it was stated that the Council con- 
sidered cobra venom to be of some value for the relief of pain, especially that of 
inoperable cancer, but that it did not displace morphine completely in more than 
a relatively few cases; that it appeared to be of limited value in the treatment of 
tic douloureux and conditions grouped loosely under the names of rheumatism 
and arthritis and that its therapeutic effects were variable and uncertain in all 
painful conditions. Disagreeable side actions, including nausea and vomiting, 
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diarrhea and pain of injection, were mentioned. The Council stated that cobra 
venom must not be recommended for those who are severely ill except those 
suffering from inoperable malignant tumors or from incurable disease. 

Moccasin snake venom (species not stated) was used in treatment of herpes 
simplex (222). 

The venom of Bothrops atrox was used by Hanut (223) as a hemostatic agent, 

The venom of Vipera russellit was employed as a hemostatic agent by Page 


and Thomas (224). 
Alvaro (225) has reviewed the use of snake venom in ophthalmology, in which 


it has, judging by his report, rather a limited application. 
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NEUROSECRETION 
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Specific functions require specific structural elements. The transmission of 
nervous impulses, for instance, is accomplished by specialized types of cells 
which, as a rule, are unmistakably characterized by their shape and structure. 
If anywhere in an organism cells with dendrites and axons, Nissl bodies and 
neurofibrils are found, no experimental proof is required to show that such ele- 
ments are neurons and are concerned with the conduction of nervous impulses. 

Similarly the process of “‘secretion”’ is reflected in the structural peculiarities 
of the gland cells. It has been shown by the work of Langley, Ranvier, Altmann, 
Heidenhain and many others (lit., see Bowen, 1) that the products of most 
gland cells first become visible as granules which grow, undergo various kinds of 
transformations, and are eventually discharged. This process is essentially 
similar in gland cells whose products serve functions as different as, for in- 
stance, the pancreas of the mouse (20), the ink gland of the squid (36), or the 
cutaneous poison glands of the newt (19). It follows that for the investigation 
of secretion as an intracellular process it is not necessary to establish first the 
functional significance of the secreted material. Gland cells may be described, 
therefore, along purely morphological lines; but a description of this kind is 
significant only to the extent to which it makes possible the identification of 
such cells as sources of physiologically active substances. 

It appeared justified, therefore, to formulate the concept of ‘‘neurosecretion”’ 
before any physiological effects of the material produced by the cells were known. 
It evolved from the observation of nerve cells which resemble gland cells in that 
they show the cytological features of glandular activity, i.e., they produce and 
discharge granules and colloidlike material. These products of the nerve cells 
show the characteristics of protein substances (62, 12,65). On the basis of these 
observations hormonelike effects of nervous tissue became a matter of consider- 
able interest. It is certainly strange that cells as highly specialized as nerve 
cells should also have the faculty of acting as gland cells, and many aspects of 
neurosecretion, particularly as it concerns mammals and man, are still obscure. 
However, a number of facts are well established and will be reviewed here. They 
concern the occurrence of neurosecretory cells in invertebrates and vertebrates, 
the cytology of the secretory cycle, and data on the functional significance of 
neurosecretion. 

OccURRENCE OF NEUROSECRETORY CELLS. Glandlike nerve cells occur in 
invertebrates and vertebrates. In invertebrates neurosecretory cells have been 
observed in worms, molluscs and arthropods. 

The polychete worm Nereis possesses two symmetrically arranged groups of 
secreting nerve cells (fig. 1A) in the dorso-caudal portion of the cerebral ganglion 
(40). In Aphrodite almost one half of the cerebral ganglion is glandular. 
The dorsal region of the cerebral ganglion of the earthworm (Lumbricus terres- 
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tris) contains a great number of such cells. They are also found in the leech 
(Hirudo medicinalis) (41, 59). 

Many species of molluscs have been studied, but nerve cells containing secre- 
tory granules were found only in the opisthobranchiates, where they are very 
conspicuous in Aplysia (Tethys) and Pleurobranchaea. In the dorsal portion 
of the cerebral ganglion of Aplysia two well outlined groups of secreting cells 
are arranged symmetrically on both sides of the midline (fig. 1B). Neurosecre- 
tory elements occur also in the posterior visceral ganglion of Aplysia. In Pleuro- 
branchaea the glandlike area lies in the caudal portion of the cerebro-visceral 
ganglion (39). Similar, but usually less conspicuous neurosecretory cells are 
observed in Doris, Doridium, Aeolis, Philine and others (41, 59). 

Signs of neuroglandular activity are also found in various groups of arthropods. 
Neurosecretory cells containing large colloid inclusions constitute a considerable 
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Fig. 1. Diagrams illustrating the localization of secreting nerve cells in sections through 
the central nervous systems of various invertebrates and vertebrates. A, worm (Nereis); 
B, snail (Aplysia); C, horseshoe crab (Limulus); D, insect (Leucophaea); E, fish (Tautoga); 
F, amphibian (Bufo); G, reptile (Lapemis). 





proportion of the central nervous system of Limulus (44) (fig. 1 C). In insects 
the pars intercerebralis of the cerebral ganglion contains secreting nerve cells 
(fig. 1 D). They have been described in Hymenoptera (65, 41), Hemiptera 
(16, 66), Orthoptera (42), Lepidoptera (10), Coleoptera, Neuroptera, Trichop- 
tera and Diptera (11, 64). Aside from the pars intercerebralis neurosecretory 
cells are found also in the frontal ganglion, the subesophageal ganglion, and in 
certain abdominal ganglia (42, 10). 

It is interesting that Hanstrém (17) derived the glandular component of the 
pars intercerebralis from the paired frontal organs of lower insects. In the as- 
cending series of insects these sensory centers become incretory in nature and 
are incorporated into the central nervous system. A similar change of function 
occurred in crustaceans where the glandular X-organ of the eyestalk developed 
from the lateral frontal organ, a structure which, according to Hanstrém (18) 
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is homologous with the paired frontal organs of insects. In view of these findings 
the gradual incorporation of the neuroglandular ‘“‘cerebral organ”’ of nemertean 
worms into the central nervous system assumes renewed interest (43). 

Of the vertebrates fishes and amphibians have been investigated extensively, 
while reptiles and mammals have not received equal attention. No data are 
available regarding birds. A considerable number of human brains, however, 
have been carefully studied. 

In the fishes where nearly 100 different species have been examined, five 
different areas within the central nervous system are either definitely known to 
secrete or their cells at least resemble secreting nerve cells. These groups are 
the following: 

a. The nucleus of the nervus terminalis in Xiphias gladius and Tetrodon 
lagocephalus (54) consists of a group of autonomic nerve cells which have the 
structural peculiarities of secreting elements, but whose glandular activity has 
not been studied in detail. We shall not refer further to this cell group. 

b. The nucleus preopticus, pars magnocellularis, of the diencephalon (fig. 1 E) 
contains the most active cells which have been studied in many species (46, 47, 
48, 53, 54, 55). The nucleus preopticus of the fishes is homologous with the 
nuclei supraopticus and paraventricularis of the reptiles and mammals. The 
description of neurosecretory cells in this review will to a large extent deal 
with the cells of the preoptic nucleus. 

c. The nucleus lateralis tuberis in the hypothalamus (fig. 1 E) does not occur 
in all species, but is of particular interest in some (48). It has been shown that 
the cells of this nucleus operate in cycles paralleling the seasons (54). This 
cell group will also be discussed with reference to the participation of the nucleus 
in the elaboration of the secretory material (52, 31). 

d. In a few families a small area occurs in the tegmentum of the midbrain 
whose cells have been found to form colloid (49), but little else is known about 
this group and it will not figure prominently, therefore, in the following. 

e. Around the central canal in the caudal half of the spinal cord in elasmo- 
branchs and in some teleosts very large and highly interesting cells, first men- 
tioned by Dahlgren (8), were interpreted by Speidel (62, 63) as glandlike nerve 
cells. Speidel was the first to formulate this concept on the basis of a large 
amount of material. It is difficult to understand why Speidel’s work did not 
receive more attention. 

In the amphibians the nucleus preopticus (fig. 1 F) of the toad (Bufo) con- 
tains active neurosecretory cells which differ little in the various species (50, 
38). By contrast the frogs show much less activity, and all urodeles are very 
poor in this respect. 

The reptiles possess two secreting nuclei, the nucleus supraopticus and the 
nucleus paraventricularis (fig. 1 G) which are both derived from the nucleus 
preopticus of the fishes and the amphibians (28). In the lizards as in the urodeles 
granules are rarely found, but in turtles and snakes the cells are very active 
(51, 25). 

The same two nuclei as in the reptiles are found in the mammals. Secretory 
activity which is often not very impressive has been observed in a number of 
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species such as the opossum (21, 60), various rodents, dog and monkey (67, 14, 
29, 30). 

All the findings so far mentioned concern cell groups in the central nervous 
system. In the case of the preoptic nucleus and its homologues in the hypo- 
thalamus the cells belong to the autonomic system. A search was made, there- 
fore, for signs of secretory activity in peripheral ganglia of the autonomic system, 
indications of which were found, however, only rarely (26). In the cells of the 
myenteric plexus of rats Ito and Nagahiro (22) described granules which they 
consider as secretory. 

There is considerable interest in the question whether secreting nerve cells 
occur in the human nervous system. The cells of the nuclei supraopticus and 
paraventricularis of the human hypothalamus have in the past impressed the 
observers as ‘‘pathological’’. The nuclei of these cells are commonly eccentric, 
the Nissl substance lies in a marginal zone of the cell body in a manner similar 
to that of chromatolytic cells, and the cytoplasm is often vacuolated (15). 
To this description must be added that the capillary bed of the two areas is ex- 
tremely dense, and that the blood vessels are often intimately associated with 
the nerve cells, forming pericellular baskets, or even entering the cell bodies as 
endocellular vessels. These peculiarities are subject to considerable variability 
which concerns particularly the number of the nuclei in the cells. While in one 
case no cell appears to contain more than one nucleus, binucleated cells may 
abound in other cases. Occasionally cells with more than two nuclei are ob- 
served. Furthermore the nuclei are not always vesicular, but may be lobated 
Jr invaginated. Likewise the degree of vacuolization of the cytoplasm varies. 
Some of the vacuoles contain a colloidlike material, but the majority of them 
appear empty; they may contain lipoids (34, 35). Acidophil granules are in- 
frequently found in greater or smaller numbers in the marginal Nissl zone. 
Also the axons may contain a few droplets of colloid (51, 14). 

The similarity of the structural peculiarities of these cells in man to the charac- 
teristics of secreting nerve cells in animals is obvious. Still more important is 
the fact that the cells of the supraoptic and paraventricular nuclei are homo- 
logous with those of the preoptic nucleus of lower vertebrates (6). The nucleus 
preopticus becomes separated into two cell groups in the reptiles, but even in 
man a connection still exists. It seems reasonable to interpret the cellular 
peculiarities of these two nuclei in man as due to a secretory activity rather than 
to pathological conditions. 

We are not venturing any speculations concerning the possible rdéle of the 
glandular activity of hypothalamic centers in the human brain. In about 200 
cases, studied by several investigators (56, 12, 37, 13, 14, 33), no definite relation 
was found between the histological picture of the supraoptic and paraventricular 
nuclei on the one hand and conditions of the individual at the time of death on 
the other hand. No correlation could be established between age, sex, terminal 
disease, time of the year, etc., and the histological appearance of the cells of the 
nuclei supraopticus and paraventricularis. 

Conclusion. From all these data the fact emerges that cells which combine 
the structural characteristics of nervous elements with those of gland cells are 
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a common occurrence in invertebrates and vertebrates. They are found in 
well known nuclei of the central nervous system as for instance the pars inter- 
cerebralis of the insect brain, or the nucleus preopticus of the fishes and am- 
phibians and its homologues, the nuclei supraopticus and paraventricularis, 
of the reptiles and mammals. 

CYTOLOGY OF NEUROSECRETORY CELLS. The cytology of glandular secretion 
in general is concerned with the cycle through which a gland cell passes from the 
first appearance of secretory granules to the extrusion of the product. In order 
to understand the significance of a secretory process it is important to know as 
much as possible about the origin of the material secreted by the cells and the 
cellular constituents which participate in its elaboration. 

In the beginning of a secretory cycle the cytoplasm of a gland cell is free of 
granules. ‘These presently appear in ways characteristic of different glands, 
and increasing in number and size give to each gland cell its characteristic 
histological appearance” (Bowen, (1), p. 308). After the contents of the cell 
have been expelled, the cell may sooner or later enter upon a new cycle. This 
process of secretion is essentially similar in most gland cells and has been studied 
extensively with histological methods, supplemented by observations of living 
material. Its general validity is well established. 

Practically all cellular constituents have at one time or another been considered 
as instrumental in the synthesis of secretory granules (9). At present most 
investigators agree that in many gland cells the Golgi apparatus plays an im- 
portant réle in the elaboration of the secretory material as manifested by the 
close spatial relationship between the Golgi apparatus and the granules, and by 
the changes the Golgi material undergoes during their formation. But there 
are also cases of glandular activity where a participation of the nucleus cannot 
be denied. The rdéle of the mitochondria and of the ‘‘ergastoplasm”’ is undeter- 
mined (1). 

The cytology of the neurosecretory cycle has been studied in fishes and am- 
phibians. The granules do not appear to be formed in association with the 
Golgi apparatus or with the mitochondria. Three modes of elaboration of 
neurosecretory granules have been observed (58). Apparently they originate 
a, within the Nissl substance; b, within a basophil portion of the cytoplasm, 
or c, within the nuclei (fig. 2). 

The Nissl substance of the cells of the preoptic nucleus is characteristically 
located in the peripheral zone of the cell body. The smallest secretory granules 
are observed in the same region of the cell in close association with the Nissl 
bodies which they eventually replace (fig. 2 A). The observation that the Nissl 
bodies diminish while the granules increase may mean that the Nissl bodies con- 
tribute in some way to the growth of the granules. However, what actually 
happens during this process cannot be determined by cytological methods. By 
far the largest percentage of secreting nerve cells appear to operate according to 
this mode. In the nucleus preopticus of most teleosts and of all amphibians 
which show secretory activity, the granules appear to originate in association 
with the Nissl bodies. ‘This seems to hold true also for the secreting cell groups 
in reptiles and‘mammals for which fewer observations are available. 
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A strongly basophil cytoplasm is in some cases found close to the nucleus, and 
fills, for instance in catfishes, deep invaginations of the nuclear membrane. 
Also within this basophil region of the cytoplasm which is not identical with the 
Nissl substance, acidophil granules may be found (fig. 2 B). This manner of 
elaboration plays probably only a small réle. In fact, it has been observed so 
far only in the preoptic nucleus of a few species of teleosts. 

In the third type acidophil granules are observed within the nuclei (fig. 2 C). 
One cannot escape the impression that there is less chromatin in nuclei with many 
than in those with few or no acidophil granules (31). However, as in the case of 


GRANULES €0LL0/0 





Fig. 2. Diagrams illustrating three types of origin of neurosecretory granules. A, the 
granules originate in association with the peripherally located Nissl bodies. B, the gran- 
ules originate within an invagination of the nucleus filled with basophil cytoplasm. C, 
the granules originate within the nucleus. 


the Nissl bodies the study of cytological preparations alone does not permit a 
statement with regard to the antecedents of the intranuclear granules. Of this 
type only a few instances are known. It occurs in the nucleus lateralis tuberis 
of certain fishes, and also in the preoptic nucleus of catfishes. 

Evidently neurosecretory granules at the time of their first appearance are 
associated with basophil constituents of the cells, in most cases with the Nissl 
bodies, in fewer instances with basophil cytoplasm and chromatin. The sig- 
nificance of this fact depends upon the chemical relationship among the basophil 
substances (5, 7). If they have something in common that plays a réle in the 
elaboration of the acidophil granules, essentially the same chemical processes 
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could take place whenever granules develop in association with anyone of the 
basophil substances. 

Such a concept would help to explain certain seemingly inconsistent cyto- 
logical observations. For instance, in Tautoga onitis, a teleost fish, the secre- 
tion in the nucleus lateralis tuberis takes place in the region of the Nissl bodies. 
In this species it can be clearly shown that the Nissl bodies disappear as a stain- 
able material while the secretory product is formed. By contrast, the cells of 
the same nucleus lateralis tuberis in catfishes, Ameiurus nebulosus and Noturus 
flavus (31), mainly show nuclear secretion in which the chromatin diminishes 
with increasing accumulation of granules. The few instances where all three 
types of secretion occur simultaneously within one cell group, such as the preop- 
tic nucleus of the catfish, can be viewed on the same basis as not essentially 
different from the many cases where only one type is found. 

Preliminary investigations indicate that we can expect to find in opisthobran- 
chiate snails similar modes of elaboration of neurosecretory material. Also 
higher vertebrates which have been studied less thoroughly than fishes and am- 
phibians, appear to follow a scheme corresponding to that of the lower verte- 
brates. 

There is evidence that the majority of the cells of the nucleus preopticus of 
Fundulus or of Bufo pass through about the same stage of secretory activity 
at the same time. One will find, therefore, in one specimen predominantly 
small granules in the marginal Nissl zone. In another specimen the granules 
of most cells may be larger. Evidently they grow and coalesce to form larger 
droplets. In this stage in Fundulus or Bufo the granules lose their relation to 
the Nissl bodies and gradually occupy more space than that available within 
the Nissl zone. Finally they fill the cell so completely that the nucleus may 
come to lie eccentrically as is often the case in other gland cells. If enough 
cells contain large droplets staining brilliantly with acid fuchsin, the area of the 
preoptic nucleus may appear red when a section of the brain is viewed with a low 
power magnification, whereas in the rest of the brain the cells take the nuclear 
stain only. Such an area of secretory nerve cells looks much more like glandular 
than nervous tissue. 

The increase in size is the only visible change the granules undergo during the 
process of secretion; the stainability is the same in large and in small granules. 
Fixation and staining are not required for the demonstration of the granules and 
droplets; they can easily be seen in fresh smears of brain tissue containing the 
preoptic nucleus of Fundulus or Bufo. 

In some cases, for instance in the teleosts, Fundulus (55) and Cristiceps (53), 
the granules lie frequently within vacuoles which may grow to considerable 
size. Vacuolization of the cytoplasm is also observed in reptiles and mammals, 
but not in amphibians and also not in most fishes. Its significance is undeter- 
mined. 

In certain animals the cells of the hypothalamic nuclei do not produce granules. 
Instead, the basophil Nissl substance diminishes in proportion to the increase 
of a homogeneous acidophil material. This process which is typical of the cells 
of the supraoptic and paraventricular nuclei of certain snakes and of the dog 
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should be considered as equivalent to the formation of granules and droplets. 
A closer study of this type of secretion is under way. 

The fate of the material secreted by the nerve cells is not fully known. Ina 
primitive type of neuroglandular organs, that of the nemerteans (43), a duct 
exists through which the products of the secreting elements can be discharged. 
In all other cases no duct exists, and the secreted colloid which is often observed 
lying between the cells which produce it, may be carried off by the blood stream. 
In this respect secreting nerve cells can be considered akin to the cells of the 
adrenal medulla with the difference that they are fully differentiated nerve cells 
which in addition have acquired a glandular character. 

There is another, very peculiar pathway through which the products of secret- 
ing nerve cells may be discharged. The same acidophil droplets which are 
formed within the cell body are also often seen along the axon, for instance in 
molluscs (39). In insects a nerve that arises from cells of the pars intercerebralis 
and which innervates the corpus cardiacum and probably also the corpus allatum 
may contain considerable amounts of colloid. Also in fishes, such as the tench 
(54) and the catfish, acidophil droplets can be traced all along the axons from 
the cells of the preoptic nucleus to the hypophysis. These droplets may in some 
cases be so numerous that the preoptico-hypophyseal tract can be differentiated 
from other fiber connections on account of the acidophil granules in much the 
same way as a fiber tract can be traced in a Marchi preparation (32). It is of 
interest that in both cases, the insects and the fishes, the colloid formed by 
groups of neurosecretory cells is directed toward an endocrine organ which itself 
is composed of nervous and glandular components (45). 

Conclusion. The view that the nerve cells under consideration are truly 
secreting elements may by now be considered as sufficiently well documented. 
It can be checked with simple histological methods in easily obtainable animals 
such as the toad (Bufo) or the killifish (Fundulus). Indeed no other interpreta- 
tion has as yet been offered by any observer of these cells. 

FUNCTIONAL ROLE OF NEUROSECRETORY CELLS. The problem of the physio- 
logical significance of neurosecretion has been attacked in two ways: a, the 
secretory activity has been studied in relation to cycles in the lives of the animals; 
b, endocrinological methods have been applied to the nervous tissue which con- 
tains secreting nerve cells since it was assumed that the histological findings 
indicate a sort of internal secretion. 

As an example of a correlation between neurosecretory activity and phases 
in the life cycle, the honey bee may be cited. The worker bee exhibits the great- 
est amount of colloid droplets in the pars intercerebralis during the middle period 
of its life when it starts to collect nectar and pollen. Freshly emerged and very 
old workers show little if any secretion. By comparison less colloid is found in 
the pars intercerebralis of the queen and still less in that of the drones (65). 
Generally female insects show more neurosecretory activity than males. It 
becomes less conspicuous with age also in insects other than the honey bee, for 
instance in the moth Cecropia (11). In Limulus the largest females seem to 
possess a greater number of neurosecretory cells in proportion to the total number 
of nerve cells than smaller females and males (44). 
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The seasonal cycle of the nucleus lateralis tuberis of certain teleosts serves to 
illustrate the relationship between neurosecretory activity and the functional 
state in the vertebrates. In the tench (Tinca vulgaris), a close relative of the 
carp, the activity of the cells of the nucleus lateralis tuberis ceases during the 
winter months, while it is at its height during the summer months (54). This 
finding, however, does not apply to the nucleus lateralis tuberis of the catfishes 
Noturus flavus and Ameiurus nebulosus, in which no correlation between time 
of year and neurosecretory activity could be demonstrated by observations ex- 
tending over several years (57). 

What histologically looks like variations in thesecretory activity of the cells 
thus coincides with certain phases in the life of the organism. It may be sug- 
gested, therefore, that the glandlike activity of the neurons plays some réle in 
the life cycles of animals such as the ones mentioned. 

Relationships of this kind have not, however, been established in all cases. 
The secreting nerve cells of the snail Aplysia (Tethys), for instance, did not show 
any significant change from month to month in the course of a full year; neither 
did those of Limulus (44). Similarly the cells of the nucleus preopticus of 
Fundulus or Bufo may be engaged in secretory activity or be “‘at rest’ at any 
time of the year. Each individual appears to follow its own cycle with respect 
to the secretion in the preoptic nucleus. All attempts to influence experi- 
mentally (for instance by injections of pilocarpin) the secretory activity of the 
glandlike nerve cells in Aplysia, Limulus, Fundulus and Bufo have so far failed. 

Endocrinological methods have been applied to nervous centers in many in- 
stances. Positive results were obtained, however, only in invertebrates where 
two types of hormonally controlled processes can be correlated with the secre- 
tory activity of the central nervous system. The one concerns insect develop- 
ment, the other physiological color change in crustaceans. 

It has been known for some time that the insect brain produces a hormone 
causing pupation in Lepidoptera (23, 24) and in Hymenoptera (61). But only 
Wigglesworth (66) succeeded in localizing the source of a corresponding hormone 
of Rhodnius (Hemiptera) in that part of the protocerebrum which contains the 
pars intercerebralis with its neurosecretory cells. Implants of this portion of 
brain tissue caused molting in the host, whereas other parts of the central nervous 
system as well as other tissues gave no results. Neurosecretory cells could still 
be identified as such when the implanted pars intercerebralis was checked his- 
tologically at the conclusion of the experiment. 

A distinct chromatophorotropic action has been obtained with extracts from 
the central nervous system of worms (Lumbricus, 27), molluscs (Venus, 27), 
and arthropods (Limulus, various crustaceans and insects). In crustaceans 
extensive experiments with various separately tested areas of the central ner- 
vous system or with different extract fractions of one area gave qualitatively 
different results. Consequently the production of at least two active principles 
by the central nervous system has been postulated (2). . 

The chromatophorotropic effects constitute convenient tests but do not neces- 
sarily mean that in the donor these substances are concerned with color change. 
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They indicate, however, the presence of physiologically active substances whose 
specific réle in the organism is not always known. 

There is considerable evidence that such chromatophorotropic substances 
are produced by secreting nerve cells. Chromatophorotropic extracts were, for 
example, obtained from the central nervous system of Periplaneta (4) which 
contains neurosecretory cells. Still more convincing are observations concerning 
the chromatophorotropic action of the central nervous ganglia of Limulus which 
differs quantitatively in various separately tested portions (3). These distinct 
differences correlate so well with the quantitative distribution of neurosecretory 
cells that these in all probability can be considered as the source of the chroma- 
tophorotropic principle (44). 

Conclusion. If it can be demonstrated in more instances, particularly in 
vertebrates, that neurosecretory cells produce active substances, the original 
definition of neurosecretion will become inadequate. Neurosecretion will then 
signify not only the histologically visible elaboration and discharge of granules 
and masses of colloid, but also the production of physiologically active substances 
by the same nerve cells which elaborate granules. In the study of the function 
of secreting nerve cells considerable interest lies in the morphological evidence 
of a secretion directed along the axons. In the insects the neuro-endocrine 
mechanism consisting of pars intercerebralis and corpora cardiaca and allata 
is concerned with the hormonal control of development; the hypothalamo-hypo- 
physeal system could similarly account for sustained, as for instance seasonal, 
changes of pituitary activity in vertebrates. 


SUMMARY 


a. Groups of nerve cells which pass through secretory cycles in the manner of 
gland cells occur in the central nervous system of invertebrates and vertebrates. 

b. In fishes and amphibians the secretory granules of nerve cells appear to 
originate in association with basophil constituents of the cells, i.e., chromatin, 
basophil cytoplasm, or Niss! bodies. 

c. In insects and fishes a peculiar pathway of the products of neurosecretory 
cells can be observed along the axons to glands of internal secretion. 

d. In two instances in invertebrates the origin of physiologically active sub- 
stances has been traced to parts of the central nervous system which contain 
neurosecretory cells. 
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INORGANIC INDUSTRIAL HAZARDS 
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Service, Bethesda, Maryland 


Since a broad discussion of inorganic health hazards would be difficult to 
conform to within the confines of any short review, the following discussion may 
be regarded as supplemental information with reference to certain phases to- 
gether with some necessary description of the mode of contact of workers with 
these materials. Industrial hygienists are well aware that coincident with ad- 
vance in technology and industry and especially since the beginning of the war 
there has been increasing application of new or untried materials. Our knowl- 
edge of the toxicity of many of these substances is scanty at best and in certain 
cases industrial injury has resulted from ignorance rather than negligence. In 
addition to the use of new or untried substances, one finds new ways in which 
substances known to be toxic are used, or unforeseen ways in which toxic sub- 
stances are introduced in manufacture which in turn often lead to damage or 
fatalities in industry. 

The type of exposure which is most hazardous, with the possible exception of 
active skin poisons, is that of inhalation of dusts, fumes, or gases. Accidental 
ingestion of inorganic poisons is comparatively rare and modern industrial sani- 
tation is therefore largely concerned with the control of air contaminants. 

Many of the industrial poisons produce both acute and chronic effects. In 
the acute form, profound functional disturbances are caused by an overdose of 
the various blood and nerve poisons; in the chronic form, because of diminished 
dosage, toxic substances may cause disease of a progressive character by pro- 
ducing gradual histological changes of the blood and tissues of the body. In 
addition there are doubtless numerous instances in which minute quantities of 
poison are not sufficient to produce specific effects and yet do bring about a 
general deterioration and diminished power of resistance, as instanced by the 
prevalence of incidental disease amongst these workers. 

A large amount of information has been accumulated with reference either 
to the medical or the medico-legal phase of poisoning by inorganic poisons, or to 
the therapeutic action of these substances, which is often of little use to the 
industrial hygienist. Therapeutic dosage as well as information relating to the 
effect. of intravenous injection of many substances likewise is seldom of imme- 
diate value. Acute toxic effects of heavy exposure are usually the result of 
accident and may or may not give information of value concerning the effects of 
lower concentrations. The effects of long continued exposure to relatively low 
concentrations are the main concern of the modern hygienist. In the case of 
many substances, continued exposure of this type may prove to be a matter of 
no concern, for the amount absorbed may be well within the amount of individual 
physiological tolerance. Some industrial poisons are sufficiently cumulative 
however so that absorption of even small quantities may be a matter of some 
importance. 
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It is now recognized that there is a time-lag with many substances such as 
phosphorus or radium, which, absorbed in small amounts over a period of years 
may show no outward effects or symptoms until extensive, often irremediable, 
damage has been done. While substances of this type are fortunately rare or 
unusual, it is necessary to consider this point in evaluating certain of the newer 
materials of industry. 

Historically and because of the large number of workers involved, lead poison- 
ing occupies a prominent place in industrial hygiene. The lead industry itself is 
huge and its ramifications throughout industry in general are manifold. 

Not only has the incidence of lead poisoning diminished in industry; the severe 
type of poisoning which has been described in detail in the past as occurring in 
industrial workers is very seldom evident at the present time, since the appear- 
ance of even mild symptoms in relation to a history of exposure usually receives 
prompt medical attention. When they do occur cases of lead poisoning are 
more likely to be found in small establishments arising from poor working con- 
ditions or ignorance of proper protective measures. The steady diminution in 
cases of fatal poisoning and also of milder forms of poisoning has been noted by 
Hoffman (1927) and has resulted from a more widespread appreciation of the 
potential hazard of exposure to lead or its compounds. In Great Britain accord- 
ing to Hunter (1943) less than 100 cases of lead poisoning were notified in 1938 
as compared with more than 1250 in 1899. In addition, the substitution of 
machine methods for hand labor has in several cases resulted in putting an end 
to this disease in certain industries. Lead poisoning which was once common 
among file cutters has been eliminated where machine methods of file cutting 
have been introduced (Hunter, 1943). 

While the incidence of lead poisoning has been lessened, typical cases of indus- 
trial lead poisoning are still being reported from time to time among workers 
using red lead in stencilling glass before cutting and grinding (Lederer, 1935), 
from stencilling silk (Gerbis, 1935), among telephone and telegraph workers 
(Mytnik and Shevelukhin, 1936), in type setting (Lederer, 1936), from cutting 
tobacco on lead plates in cigar manufacture (Jordans, Zijlmans and Broos, 1936), 
from lead dust in automobile body plants (Humperdinck, 1938), in the manu- 
facture of lead-bronze bearings (Weber, 1937), among solderers, metal finishers, 
and welders in automobile plants (Molitor, Arnoldson and Hausser, 1938), from 
setting stained glass in lead (Rastelli, 1940), from the volatilization of lead from 
the painted metal in cutting structural steel with an oxyacetylene flame (Bata, 
Firket and Leclerc, 1940), and among soldiers exposed to fumes from field kitch- 
ens in which leaded gasolene was burned (Abraham and Baird, 1942)—to cite 
but a few instances. | 

The diagnosis of lead poisoning still appears to be a matter of some difficulty. 
No single criterion can be accepted as infallible. With chronic lead poisoning 
and a clear cut history of exposure diagnosis is often simple; with incipient lead 
poisoning it is frequently very difficult to make a true diagnosis of lead poisoning. 
A number of factors must be taken into account and each of these carefully 
evaluated for not only diagnostic skill and experience with lead poisoning are 








1" 
i 
| 








184 LAWRENCE T. FAIRHALL 


necessary but careful and competent laboratory investigation of the blood picture 
and of the urinary excretion of lead is required. 

The cardinal symptoms of lead poisoning include colic, the lead or Burtonian 
line, basophylic stippling of the erythrocytes, pronounced urinary excretion of 
lead, palsy, and anemia. Any one or.several of these may be absent. The 
absence of only one of these symptoms according to Pfeil (1941) makes the 
diagnosis doubtful. A great deal of weight has been, and still is, attached to 
the urinary excretion of lead in lead poisoning. High values indicate active 
absorption, but a single low value does not necessarily indicate the absence of 
lead poisoning. In doubtful cases it is advisable to determine the daily urinary 
excretion on two or more consecutive days. 

The absorption of lead is greater following inhalation of dust or fume than 
that which occurs following the ingestion of lead compounds. Minot (1924) 
found that the quantity of lead present in the tissues of animals twenty-four 
to forty-eight hours after administration by lung of 150 to 200 mgm. of solid 
lead carbonate is as great as after the administration of several grams of lead 
in solution during weeks of continuous lead feeding. Fairhall, Sayers and Miller 
(1940) showed that absorption of lead from the lungs is related to the solubility 
of the lead compound. For instance, less lead is absorbed and distributed 
throughout the organism following the inhalation of lead phosphate than occurs 
in the case of lead monoxide. The latter is relatively very soluble in the tissue 
fluid of the lungs, whereas lead phosphate is very insoluble in such a medium. 
The low incidence of lead poisoning amongst miners in galena mines is probably 
due to the similar insolubility of lead sulphide. In fact, owing to the almost 
complete absence of lead poisoning among galena miners in Bavaria, Rambousek 
(1913) recommended a soluble sulphide soap for lead workers as a prophylactic 
measure. 

The close parallelism between the metabolism of calcium and lead was first 
definitely demonstrated by Hunter and Aub (1926), who found that repeated 
injections of parathyroid hormone in patients with chronic lead poisoning re- 
sulted in increased excretion of both lead and calcium following the rise in serum 
calcium. The demonstration of this relationship of lead and calcium has proved 
to be of fundamental importance with reference to our knowledge of lead 
poisoning. 

Calculation by Kehoe, Cholak, Hubbard, Bambach and McNary (1943) 
following the administration of soluble lead to two individuals indicates that if 
the oral intake of soluble lead does not exceed half to six-tenths of a milligram 
per day, lead accumulation in the body will not occur, but a balanced metabolism 
takes place. 

The rate of absorption of lead from the digestive tract is stated to be especially 
rapid during the first twenty minutes (Pogato and Antonioli, 1940) then dimin- 
ishes and finally attains its initial rate after one hour. The absorption of lead 
is diminished by the addition of calcium to the diet (Lederer and Bing, 1940), 
but is not affected by the addition of phosphate ions. Soluble arsenates (Fair- 
hall, Miller and Weaver, 1943) markedly decrease the storage of lead both in 
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the bones and the kidneys possibly either by decreasing absorption or increasing 
excretion. 

The anemia characteristic of lead poisoning is considered by Maugeri (1940) 
and also by Preti (1938) to be exclusively due to hemolysis. Duesberg (1931) 
considers that the origin of lead anemia is related to destruction of the red blood 
cells as well as injury to the bone marrow. Lourau and her associates (1939, 
1942) have shown that various liver extract preparations all of which were known 
to be useful in the treatment of pernicious anemia produced corpuscle regen- 
eration when injected into rabbits made anemic by administration of neutral 
lead acetate. 

While the basophilic granulation or stippling of the red blood cells is somewhat 
limited as a diagnostic sign in lead poisoning, it is none the less most useful to an 
experienced observer. Although it is well known that individuals who have 
suffered prolonged exposure to lead may exhibit little or no stippling, this baso- 
philic granulation of the red cells when considered with other factors is a valuable 
index of lead absorption. Belknap (1940) considers that more than 12 stippled 
cells per 50 fields examined in the face of known lead exposure, indicates ab- 
normal lead absorption. 

It has been pointed out by Henning and Keilkack (1940) that a much higher 
percentage of erythrocytes showing basophilic granulation is regularly found in 
the bone marrow than in the blood in lead poisoning—as high as a ratio of 9:1 
in one case. The erythrocytes are present in the sternal puncture even when 
they are absent in the periphery according to Bensath and Varga (1940) who 
draw attention to the diagnostic importance of this examination. 

For a number of years attention has been directed to a possible porphyrin 
index as an indication of the extent of lead absorption. Both blood and urine 
have been examined from this point of view. In cases of lead poisoning, Vigliani 
(1935, 1936, 1937, 1938) finds porphyrin appearing in urine as well as in the 
blood and feces. The normal urinary level ranges from 10 to 50 micrograms in 
a twenty-four hour sample of urine, while quantities as high as 1 to 3 mgm. 
were found in new cases with clinical manifestations of lead poisoning. In one 
case the intravenous injection of 25 mgm. of colloidal lead was followed by a 
porphyrin elevation within 48 hours. Carrié (1936), Matuda (1939), Schafer 
(1938, 19389), Roth (1938), Putnoky and Sumegi (1938), Otto (1938), Vannotti 
(1938), Meyer (1939), Cappellini (1939), Binet, Parel and Glotz (1939) and 
Huneki (1940) have variously called attention to porphyrin excretion as a factor 
of diagnostic importance in lead poisoning. In general these investigators found 
porphyrinuria following lead absorption. However, this is not specific for lead, 
since porphyrinuria has also been found in poisoning with arsenious acid, cresol 
and benzene (Huneki, 1940). On the other hand, Gabel (1940, 1941) and 
Bjorkman (1941) found no definite increase in porphyrin excretion related to 
lead poisoning. Lead poisoning produced by feeding lead salts or the inhalation 
of lead dusts increases urine porphyrin at times but according to Gabel is not a 
reliable sign of lead poisoning. In view of the fact that increased urinary por- 
phyrin excretion occurs following ingestion of a number of toxic substances as 
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well as such drugs as sulphonol, it would appear that porphyrinuria as a diag- 
nostic sign in lead poisoning should be treated with some reserve. 

Because of its unique properties mercury has long been used in industry and 
poisoning from it has been well recognized. An estimate of the number of 
workers in the United States actually or potentially exposed to this hazard 
(Bloomfield, Trasko, Sayers, Page and Peyton) was 32,855 in 1940. With its 
spreading use in the arts and manufactures, its early use in the silvering of 
mirrors, in the manufacture of thermometers and barometers, in gilding and in 
a variety of other ways, the pronounced ill health associated with its use has 
long been a source of comment among those interested in industrial diseases. 
The distinctive tremor, loss of teeth, fetid breath and salivation are familiar 
characteristics of mercury workers who have suffered undue exposure to this 
substance. 

Poisoning by mercury, where it is not acute, is slow and insidious and while 
chronic mercurial poisoning does not lead to rapid death, its impairment of tissue 
functions is so drastic that the worker is in a worse plight than with many of the 
other industrial poisons. Mercury is constantly giving off vapor and thus it 
contaminates the air where it is exposed. Thus, at 20°C the concentration: of 
mercury in air saturated with mercury vapor is 1.84 parts per million, while at 
40°C the concentration rises to 8.5 parts per million. The degree of atmospheric 
saturation with mercury vapor depends upon the temperature, pressure, rate of 
air exchange and amount of surface exposed. Stock (1934) has proposed the 
use of activated charcoal impregnated with about 5 per cent of iodine as a 
measure of protection against mercury vapor and suggests the use of this mate- 
rial in gas masks. He has advocated the use of this preparation sprinkled upon 
open areas or cracks contaminated with metallic mercury as a means of fixing the 
mercury vapor and thus preventing its further distribution. 

Stock (1943) estimates the normal daily urinary excretion of mercury to be 
0.1 to 1.0 microgram and states that this may rise to several milligrams in per- 
sons with amalgam dental fillings or who are in industrial contact with mercury. 

While mercurialism as an occupational disease has disappeared in certain 
trades, such as the silvering of mirrors, new uses appear from time to time such 
as in connection with the manufacture of radio tubes of a certain type, or in the 
operation of mercury boilers, or in shooting galleries. 

The increased use of cadmium in industry has largely resulted from its use 
in electroplating. Somewhat parallel with this increase there has been an in- 
creased amount of poisoning. In general the latter has not been primarily due 
to the electroplating process, but to the subsequent firing or welding of cadmium 
plated material or the over-heating and oxidation of cadmium metal. Cadmium 
is but little used as a metal directly. It achieves its greatest importance as a 
constituent of alloys and in the form of its compounds. In this way it is used 
in bearing metals, electrical conductors, pigments, ceramics, in process engraving, 
cadmium vapor lamps and for rust-proofing tools, wires and other iron and steel 
articles, particularly marine hardware and other fittings, which were formerly 
zine coated. 

A rather large increase in the number of cases of cadmium poisoning—mostly 
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following ingestion—has occurred since 1941. Prior’ to 1941 a total of 20 cases 
of cadmium poisoning due to the ingestion of cadmium had been reported in the 
literature. However since January 1941, 268 cases of cadmium poisoning follow- 
ing ingestion have been reported (Cangelosi, 1941; Frant and Kleeman, 1941). 
The majority of these cases occurred as a result of using cadmium coated con- 
tainers for food or drink. Largely as a result of this the Sanitary Code of New 
York City was amended to prohibit the use of cadmium in articles used in the 
preparation or storage of food or drink (New York City, Sanitary Code, Sec- 
tion 145). 

The symptoms of cadmium poisoning produced by ingestion are increased 
salivation, choking attacks, persistent vomiting, abdominal pain, diarrhea and 
tenesmus (Lewin, 1929). Most often fatalities from cadmium poisoning have 
resulted from inhalation of the fumes of cadmium oxide, however, rather than 
the ingestion of cadmium salts. The first symptoms of industrial cadmium 
poisoning are usually dryness of the throat, cough, headache, vomiting and a 
sense of constriction of the chest. The later symptoms are referable principally 
to the respiratory system and are characterized by cough, pain in the chest, 
severe dysphoria and prostration. These symptoms result from a pneumonitis 
which in many instances is followed by broncho-pneumonia. Unfortunately, 
cadmium oxide fumes have no pronounced odor nor immediate irritant effect 
and can be breathed in fatal concentration without enough discomfort to drive 
the worker away from the exposure. 

In view of the extent and severity of cadmium poisoning in industry a con- 
certed educational effort has been proposed to apprise both manufacturers and 
users of the hazards involved in the use of cadmium coated products and safety 
regulations have been proposed defining the degree of maximal permissible ex- 
posure of industrial workers (American Standards Association, 1941). 

Industrial manganese poisoning is relatively rare considering the manifold 
technical applications of its compounds. _ The literature reveals a total of only 
353 cases of manganese poisoning which have occurred since 1837, when Couper 
first reported five workers affected by this disease while employed in the grinding 
of manganese ore which was once employed for the manufacture of chlorine gas 
by the old Deacon process. Industrial manganese poisoning in general occurs 
through the absorption of fumes or dust through the respiratory system following 
the inhalation of manganese ore dust, or fumes from metallurgical processes— 
particularly the manufacture of manganese alloy steel. The mining of pyrolu- 
site, grinding, sorting and loading manganese ores have all contributed cases of 
manganese poisoning as well as smelting operations. Manganese poisoning has 
been reported in electric welding by workers using electrodes containing man- 
ganese (E. Beintker, 1932). Elstad (1939) has reported that following the 
introduction of an electrical plant for manganese smelting in Sauda in Norway 
there was a tenfold increase in fatal croupous pneumonia in that region. This 
was associated with the dissemination of vapors rich in manganese oxide, par- 
ticles of manganese of less than 5 microns in size being demonstrable in the 
atmosphere. 

Exposure to manganese-containing dust for as short a period of time as 3 
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months may be sufficient to cause symptoms of manganese poisoning but the 
usual history indicates an occupation of from one to three years in this dusty 
trade. The early symptoms of poisoning include languor and sleepiness which 
precede a complaint of weakness in the legs. A stolid mask-like facies develops. 
Marked emotional disturbances such as uncontrollable laughter or weeping occur 
and a peculiar stiffness of the muscles is apparent which results in a spastic gait 
and in propulsion and retropulsion. Occasionally a peculiar gait, the so-called 
cock walk (von Jaksch) is observed (Charles, 1927). On the whole the clinical 
and anatomical picture of manganese poisoning points to involvement of the 
basal ganglia (Voss, 1939). Well established manganese poisoning is a crippling 
disease with permanent disability particularly with regard to the use of the legs. 
Early cases, however, recover spontaneously if the individual is placed in an 
environment free from manganese dust. The importance of early recognition 
of manganese peisoning is therefore evident. 

The exposure in industry necessary to produce manganese poisoning is usually 
gross and prevention can be accomplished by the installation of relatively simple 
mechanical measures, such as are usual in dust control. 

The outstanding metallurgical development of beryllium within the past five 
years and the importance of beryllium alloy for war uses has focused attention 
upon this very important metal. In practice, beryllium is used in alloy form 
rather than as the’pure metal. The aHoys of beryllium and copper represent its 
most important use at the present time (Sawyer, 1940), although aluminum and 
nickel both form alloys with beryllium having such singular properties that 
further development and use of these alloys in industry is assured. The presence 
of the small amount of beryllium (usually less than 3 per cent) profoundly affects 
the mechanical properties of the metal. The copper alloy has astonishing 
fatigue resistance. Springs made from this substance retain their elasticity 
almost indefinitely even in atmospheres highly corrosive to steel springs. Beryl- 
lium copper is used in the delicate mechanism of airplane instruments and in 
gasoline and oil pipe lines in airplanes where vibration is excessive. 

Gelman (1936, 1938) has drawn attention to the severe poisoning of workers 
engaged in the extraction of beryllium by means of the electrolytic reduction of 
its fluoride salts. Although the earlier investigation of Weber and Engelhardt 
(1933) indicated that the cause of disease in beryllium plants is due to the 
fluorides occurring in the form of dust, Fabroni (1935) regarded beryllium car- 
bonate itself as the causative agent. 

A recent investigation of beryllium in this laboratory (Hyslop et al., 1943) 
has shown that the beryllium ion itself is relatively non-toxic. No consistent 
pathological change can be attributed to beryllium. Whatever toxicity has been 
found to occur with exposure to beryllium salts is due to the toxicity of the acid 
radical such as the fluoride or oxyfluoride, or to an objectionable condition 
brought about by the hydrolysis of certain of its salts, such as the chlorides or 
sulphates following inhalation. Owing to the ease and extent to which beryllium 
salts hydrolyze, the inhalation of dust or fumes of these substances results in 
pronounced local irritation. Since no safe operating standards should be based 
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upon the metal itself, consideration should be given to the acid radical with 
which it is combined, or to other factors, such as the ease of hydrolysis of its salts. 

Certain special steels of great importance for war material and having exten- 
sive industrial application contain molybdenum. This silver-white metal is 
malleable and can be forged at red heat, but fuses only in the arc. The most 
useful form is as an alloy of iron with or without association of other metals— 
the so-called molybdenum steel. Molybdenum steel is used in modern armour 
plate, armour-piercing shells, rifle linings and high pressure boiler plates. Owing 
to its extreme hardness and resistance to many corrosive chemicals these steels 
obviously have also many other important uses. 

Exposure in industry occurs in certain dusty operations such as crushing and 
milling molybdenum ore, heating and rabbling the ore to form calcium molyb- 
date—the form in which it is added to the charge in steel blast furnaces—and in 
rolling red hot billets of molybdenum steel which give off fumes of molybdenum 
oxide owing to superficial oxidation. While exposure of workers to dust and 
fumes of this type has raised the question of possible toxic effects, no compre- 
hensive study has been reported with reference to the industrial toxicology of 
molybdenum. Pharmacological studies with reference to ingestion (Karantassis, 
1924; Franke and Moxon, 1935; Mukherjee, 1936; Ferguson, Lewis and Watson, 
1938; Teresi, Elvehjem and Hart, 1942) and to injection of molybdenum com- 
pounds (Lampe and Klose, 1912; Agnoli, 1932; Caujolle and Roche, 1935; Anon. 
1937; Marish, Lustock and Cohen, 1940) have in general indicated a toxic effect 
less than that of tungsten compounds. Experimental work now in progress in 
this laboratory particularly with reference to the possible injurious effect of 
inhalation of the dust of molybdenum compounds or of molybdic oxide fumes has 
shown that the order of toxicity of molybdenum is not particularly high. 

Previous to the closing of the Burma Road we relied upon China as a source 
of supply of tungsten ore. Tungsten is used in the preparation of high-speed 
steels, in cemented tungsten carbides and in electric light and radio tube fila- 
ments. Cemented tungsten carbide is used as an abrasive containing tungsten, 
titanium and carbon. These abrasives are long-lived, are extremely hard and 
are therefore important in industry. The high-speed tungsten steels maintain 
a sharp cutting edge in lathe tools even when the tool becomes red hot in machin- 
ing operations. The tungsten carbide alloy is a substance which perhaps ranks 
next to the diamond in hardness. It is being produced in large quantities for 
special tips to tools used in machine operations and it is claimed that one man 
with tungsten steel tools can produce as much as five men with carbon steel tools. 

Exposure to tungsten in industry is related chiefly to the dust arising from 
crushing and milling of the two chief ores—scheelite and wolframite. The 
preparation and use of powdered tungsten in “powder metallurgy” and the 
preparation of cemented tungsten carbide tool tips necessarily cause some expo- 
sure to tungsten dust. Exposure to tungstic oxide dust also occurs in the pro- 
duction and drying of the latter. Although very little has been published with 
reference to the toxicity of tungsten in general, Karantassis (1924) regards 
tungsten as more toxic than molybdenum on the basis of ingestion and injection 
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experiments. Pulewka (1935) has investigated the physiological action of tung- 
states and has concluded that with warm blooded animals the cause of death is 
respiratory paralysis resulting either from the toxic effect on the respiratory 
center or from circulatory disturbances. 

Kinard and Van de Erve (1941) found ammonium paratungstate upon inges- 
tion to be much less toxic than either tungstic oxide or sodium tungstate. Ex- 
perimental work is in progress in this laboratory with reference to maximal 
permissible aerial concentration of tungsten dusts to which workers may be 
exposed. 

Although antimony and arsenic are usually regarded as having comparable 
toxic qualities, from an industrial point of view the toxic effects of arsenic out- 
weigh those of antimony. Arsine, for instance, has been the cause of many 
fatalities in industry, but a search through the literature has failed to disclose a 
clear-cut fatal case of stibine poisoning in man. Where stibine poisoning has 
been reported it has usually been questionable whether the poisoning might not 
have been due either to arsine, hydrogen sulphide or phosphine. 

While arsine can be readily produced along with hydrogen by the reaction of 
a metal such as zinc or magnesium with an acid solution of an arsenical salt, 
stibine is similarly produced with more difficulty. Furthermore, stibine does 
not have the stability of arsine and is easily decomposed by a variety of sub- 
stances, such as oxygen, moisture andrubber. The instability of stibine, whether 
prepared by electrolysis or by the action of acids on antimony alloys, makes it 
difficult to obtain a sufficiently high concentration of stibine to study its effect 
on large animals (S. H. Webster, 1944). 

While stibine is not easily formed, Hunter (1932) has shown that even quench- 
ing material containing arsenides with water has caused arsenical poisoning and 
deaths. Arsenic poisoning has also been reported by Jétten (1942) from quench- 
ing iron alloys with water, where the alloy contained arsenic as an impurity. 
More recently similar cases were reported by Nau, Anderson and Cone (1944) 
and by Dernehl, Stead and Nau (1944), although the question was raised in this 
latter instance as to the probability of stibine or hydrogen sulphide poisoning. 

Glaister (1908) reported a total of 120 cases of arsine poisoning to that date 
and fatalities have since been reported from time to time. Cases of poisoning 
occur in pickling metals where arsenic is present either in the acid or in the 
metal, in cleaning acid storage tanks where washing has been incomplete, or in 
certain electrolytic processes. Arsine gas from submarine storage batteries was 
said to have caused poisoning aboard submarines during the last war (Giordano, 
1916; S. F. Dudley, 1919). 

The action of arsenic salts or compounds in general is different from that of 
arsine. The latter causes vomiting in most cases, albuminuria, jaundice and 
produces a hemolytic effect on the red blood cells. Fatal termination is fre- 
quent. Arsenical dusts, on the other hand, usually produce troublesome skin 
lesions—first of all an edematous condition with inflammation and eventually 
ulceration. Perforation of the nasal septum is common. Slow absorption does 
occur however and is evidenced by bronzing, while in severe cases gastric symp- 
toms occur. 
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Antimonial poisoning on the other hand does not appear to be an industrial 
disease of any consequence. Rambousek (1913) stated that ‘it seems doubtful 
if industrial poisoning can really be traced to antimony or its compounds; gen- 
erally the arsenic present with the antimony is at fault.” Oliver (1933) in an 
investigation of the health of antimony oxide workers concluded that although 
the occupation of these men involves exposure to air-borne antimony oxide— 
often in considerable amount—the occupation is not unhealthy. Schwartz 
(1939) could find no cases of dermatitis occurring in a plant where antimony 
compounds are manufactured. 

In spite of the marked difference noted above with reference to the health of 
arsenic and of antimony workers, it should be pointed out that the soluble 
compounds of antimony are decidedly toxic. In an occupation where workers: 
suffer exposure to salts of the latter type, suitable protection should be made 
available. 

An interesting development of recent years has been that of the use of the 
rare metal indium in industry. This metal which retailed for fifteen dollars a 
gram as late as 1936 has considerably lessened in price as its industrial application 
has increased. Among its applications in industry is its use in electro-plating. 
cadmium and similar alloy bearings for airplane and other high-duty internal 
combustion engines (Taylor, 1941). While indium is regarded as a rare metal,. 
it is estimated that several thousand tons could be recovered annually as by- 
products of the zine and coal industries (Latimer and Hildebrand, 1940). Added 
to silver, whether solid or plated ware, it renders it tarnish proof. In general 
the amounts of indium required for its various industrial uses are small. 

Indium is a silver-white ductile metal softer than lead, oxidizable only with 
difficulty. Owing to its use in plating surgical instruments and many other 
proposed uses particularly arising from war conditions the question of its toxicity 
has taken on increased significance. The importance of indium in industry is 
shown by the bibliographies of Ludwick (1934-40 and 1941-42) which total 58 
pages of references and abstracts. In spite of the current industrial interest in 
indium relatively few investigations concerning its toxicity have been reported. 
von Oettingen (1932) found the minimum fatal subcutaneous dose for mice to 
be about 0.06 gram indium citrate per kgm.; but daily feeding of a total of 24 
grams of indium hydroxide per kgm. for 2 weeks was without apparent toxic 
effect. More recently McCord, Meek, Harrold and Heussner (1942) found 
the metal and its salts to have no skin irritant properties but subcutaneous or 
intravenous injection of indium sulphate or indium chloride indicated that 
indium salts are toxic when administered in this way. However, no occupational 
ill health has so far been associated with the use of indium in industry. 

Although the toxicity of indium is relatively of slight importance from the 
point of view of industrial exposure, this is not true of certain other rare metals. 
Outstanding among these is uranium, a metal which, apart from its industrial 
application, has caught the popular fancy because uranium 235 holds the possi- 
bility of a future source of atomic power. 

Since uranium is generally extracted from its ores by wet processes, exposure 
to dust fortunately is not so serious as in other metallurgical processes. How- 
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ever, the preparation of alloys from urano-uranic oxide by the alumino-thermic 
process and electrolysis of the fused double chloride, K,UCl, as well as the manu- 
facture of steel alloys entail a certain amount of exposure to uranium—containing 
dust and fumes. Uranium is employed in steel to increase its hardness and 
tensile strength in gun barrels. It is used in the form of sodium uranate for 
coloring glass a fluorescent canary yellow and as the black oxide for red and black 
coloration in the ceramic industry. Certain uranium compounds find applica- 
tion in industry as catalytic agents. Uranium dioxide has a new and important 
industrial application in connection with elimination of the effect of current 
surges. in powerful projection lamps (Dunkel, 1937). 

' Uranium and its salts are highly toxic. The absorption of small amounts 
over long periods of time causes a chronic nephritis first noted by Leconte in 
1854 following the: administration of uranium. Numerous studies of uranium 
nephritis have since been reported (MacNider, 1911, 1919; Garnier, Schulmann 
and Marek, 1928; Dominquez, 1928; Mauriac, 1930; Garnier and Marek, 1933; 
Mauriac and Sernantie, 1933; Binet and Marek, 1934). MacNider (1936) has 
shown that in dogs poisoned with uranium, hepatic degeneration occurs similar 
to that seen with mercury poisoning and parallel with the acidosis rather than 
the dose. Animals surviving a very severe type of hepatic injury not infre- 
quently repair the injury and acquire a high degree of resistance against second- 
ary intoxication of uranium. 

Although uranium poisoning in man is somewhat rare, De Laet (1925) reported 
four workers who were affected while handling uranium salts over a period of 
about twenty months. 

It is fortunate that in view of its toxicity, uranium can be detected in such 
extremely minute amounts. Since uranium is a radioactive element, it can be 
detected by means of a sensitive Geiger-Mueller counter in amounts as small as 
10- grams (DeMent and Dake, 1941). 

Magnesium and zirconium fall into a different category with reference to 
industrial exposure. The former is now being manufactured in enormous quan- 
tities and is a valuable and necessary constituent for various light metal alloys. 
The latter, although formerly of some importance as the oxide in refractories, 
has become especially useful in tracer bullets, flares, flash bulbs and detonators. 
Although the physiological properties of magnesium salts are well known it is 
comparatively only recently that attention has been drawn to injuries in industry 
from magnesium apart from burns. A few years ago attention was directed to 
a peculiar form of disease in workers handling magnesium or magnesium-alumi- 
num alloys (Gissel, 1936; Gerlach, 1936; Ehrlich, 1936). This disease results 
from particulate magnesium or magnesium alloy introduced as splinters, cutting 
chips, slivers, or turnings into cuts or wounds. Following this, evolution of gas 
occurs, usually accompanied by local tissue necrosis and occasional gangrene 
limited to the locality of the gas tumor. 

Investigation of tissue reaction to magnesium by McCord, Prendergast, Meek 
and Harrold (1942) has shown that macroscopic gas tumors may be induced by 
the implantation of particulate magnesium and high magnesium content alloys. 
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As little as 10 mgm. of powdered magnesium is capable of producing macro- 
scopic tumor masses. In puncture wounds caused by magnesium or magnesium 
alloys the necessity of removing all the magnesium is apparent, since this may 
lead to a more severe type of injury than the usual ordinary foreign body injury. 

Following the earlier work, a tendency has developed to refer to magnesium 
injury as ‘magnesium poisoning”’ or “‘duralumin poisoning’’-—a tendency which 
is to be deplored as no one has established magnesium as toxic in the usual sense 
(Schiitzeberg, 1937; Technische Rundschau, 1941). 

According to Gay (1942) magnesium and its alloys are—apart from their 
inflammable nature—among the most innocuous materials with which workmen 
come into contact. While injury of the above type has been reported in Ger- 
many, Gay reports that in his experience over a period of five years in the 
magnesium industry, which includes experience with men with approximately 
one and one-half million work days, no time loss has occurred from injury from 
magnesium splinters. 

Zirconium has only a mild pharmacological action and may even lack physio- 
logical effect in small amounts. In the form of the soluble tartrate complex, 
the intravenous introduction of thissalt in relatively large doses (0.15 gram /kgm.) 
in rabbits causes death (Lendle, 1934). The zirconium compounds in technical 
use are largely very insoluble however and no case of systemic poisoning has so 
far been reported from this source. 

Exposure to acid anhydrides, chiefly in the form of fumes or mist, is common 
in the arts and manufactures. In general, dilution or protective devices against 
breathing these fumes are sufficient to guard against the corrosive or irritant 
action of the common acid anhydrides, such as hydrochloric acid vapor, sulphur 
trioxide or phosphoric anhydride. Certain other acids, such as hydrofluoric acid 
or hydrocyanic acid are directly toxic. Such substances as hydrogen sulphide, 
selenium hydride, hydrogen phosphide, carbon monoxide, chlorine, sulphur diox- 
ide, and nickel carbonyl are frequently encountered in industry and require 
efficient cartridge type masks, or preferably positive pressure (hose) masks for 
protection of the worker. In special cases, oxygen breathing equipment is 
necessary. 

Because of the great expansion of the light metal industry, the fluorides both 
as salt fumes and as hydrofluoric acid vapor have become increasingly of interest 
to the hygienist. 

Both selenium and tellurium are increasing in use the latter chiefly for hard- 
ening and toughening of metals and to increase the toughness and resistance to 
abrasion of rubber hose and cable coverings. Selenium is used in the glass and 
ceramic industry and to a less extent to improve the machinability of certain 
steels and copper base alloys. Dudley (1938) has reported pallor, gastro- 
intestinal disturbances, garlicky breath and nervousness in men employed in 
copper refineries engaged in extracting or purifying selenium. While the bad 
effects of selenium in soils have perhaps been exaggerated (Lakin, Williams and 
Byers, 1938), the toxicity of hydrogen selenide is high and the use of this sub- 
stance requires careful control in industry. In man a concentration of 0.005 
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mgm. per liter is intolerable producing eye and nasal irritation (H. C. Dudley, 
1941). 

Interest in fluorine and its compounds has been growing not only because of 
the great expansion of aluminum and magnesium production since the war, but 
also because of the increased use of cryolite sprays in orchards to prevent the 
ravages of the codling moth. Popular interest has centered in the fluoride con- 
tent of drinking water because of its réle in causing mottled teeth and also because 
of its apparent relation to dental caries (Dean, Jay, Arnold, McClure and Elvove, 
1939). Finally enormous quantities of hydrofluoric acid are now demanded by 
the petroleum. industry as a catalytic agent. In the presence of hydrofluoric 
acid and certain other agents, paraffins will add to olefins bringing about certain 
molecular rearrangements and yielding highly branched products which have 
good anti-knock value (Ipatiev, 1935). Fumes from arc welding operations, 
where the welding rods are fluoride-coated to aid in fluxing, are a potential 
health hazard (Brandt, 1943). 

The soluble fluorides act as protoplasmic poisons (Greenwood, 1940). The 
soluble neutral salts destroy the cells of mucous membranes, while the acid 
causes deep tissue destruction and slow healing burns which probably result 
from its specific toxic action. On inhalation Machle, Thamman, Kitzmiller and 
Cholak (1934) showed that exposure to concentrations of hydrogen fluoride 
above 1.5 mgm. per liter for any period of time is dangerous for rabbits and guinea 
pigs, while concentrations below 0.1 mgm. per liter were tolerated for 5 hours 
without injury sufficiently severe to cause death. 

According to Greenwood (1940) pathological changes which have been reported 
in organs and tissues as characteristic of fluoride intoxication should be accepted 
cautiously. However, some histological changes were noted (Biester, Green- 
wood and Nelson, 1936) in the small intestine, spleen, urinary bladder, mesenteric 
lymph nodes and thyroid gland of dogs fed fluoride at levels of 0.45 to 4.52 per 
kilo of body weight. In general, there appears to be some variation in the 
toxicity of different fluorine compounds and in the sensitivity of various species 
to the same fluorine compound. 

Exposure to fluoride fumes in toxic concentrations usually manifests itself by 
a sudden onset of chills followed by a symptomless period lasting one or two days 
or longer. A second.phase follows characterized by shortness of breath, a cough 
with scanty secretion, dyspnea and elevated temperature. Cyanosis becomes 
apparent. The blood shows a leucocytosis and the sedimentation rate is in- 
creased. All these symptoms subside gradually. The duration of the process 
varies from ten days to one or two months. Clinically the pulmonary process is 
similar to bronchiolitis (Roholm, 1937). 

While the comprehensive report of Roholm (1937) on the effects of exposure 
of workers to cryolite dust has pointed out the severe bone changes resulting 
from this exposure, no similar study has been reported involving osteosclerosis 
resulting from exposure to hydrofluoric acid. 

Chromic acid anhydride and vanadic acid anhydride both cause occupational 
ill health. ‘The use of the former in chromium plating baths as well as in those 
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industries where exposure to the dust of chromates occurs, gives rise to derma- 
titis, chrome ulcers and perforation of the nasal septum. Although used in 
dissolved form in the plating bath the evolution of gas from the electrodes 
carries mist and spray into the air necessitating the use of careful ventilation in 
order to reduce this hazard. The derivatives of hexavalent chromium are the 
only compounds of industrial toxicological interest (Akatsuka and Fairhall, 
1934) since trivalent chromium derivatives seem more or less physiologically 
inert. 

While systemic poisoning from chromates is rare, the unpleasant effects of 
exposure to chromate dust or mist where environmental control is madequate 
leads to a large labor turn-over. 

A new source of chromate exposure was recently shown to occur by Greenburg 
and his associates (1942) with reference to spray painting. In a survey of 106 
painters in a large airplane factory in New York State several cases of perforated 
septums were found which were attributed to the large amount of zinc chromate 
pigment present in the paint. 

At the present time magnesium castings and light metal die castings are fre- 
quently treated with a solution of sodium or potassium dichromate. Steam 
issues from the solution carrying the chromate salt which is deposited as a yellow- 
ish solid on all near-by surrounding objects (Hypher, 1941). Workmen are 
frequently afflicted with dermatitis from this source, with perforation of the nasal 
septum and where splashings of the liquid occur in contact with skin abrasions 
indolent ‘‘chrome sores” or ‘‘chrome holes’”’ occur. It is usually impossible to 
} cure this condition while the sufferers continue in their usual employment. 

While chromium plating has given rise to much occupational ill health as a 
result of the popular demand for chromium plated articles and the burgeoning 
of this industry as a consequence, a newly devised process will likely afford relief 
in this direction. The new Warner (1944) method uses trivalent chromium salts 
which not only promise to revolutionize chromium plating itself in a technical 
sense, but, since these salts are non-toxic, should eliminate the chromic acid 
hazard. 

Most of the accounts of industrial vanadium poisoning refer to the observation 
of Dutton (1911), which are general in tone. Shortly after this was published, 
Lees (1911) took exception to the statements of Dutton with reference to the 
extent of vanadium poisoning in industry. However, the most illuminating 
discussion of industrial vanadium poisoning to date is that of Symanski (1939) 
who made a careful study of nineteen cases of vanadium poisoning amongst 
metallurgical employees in Germany. Although the bulk of vanadium is used 
for metallurgical purposes, it also is extensively used in many other unrelated 
industries. One of its most useful applications is as a catalytic agent for certain 
chemical processes. In general, it is used as an oxidizing catalyst—for instance, 
for converting naphthalene into phthalic anhydride, anthracene into anthra- 
quinone, toluene into benzaldehyde and benzoic acid (Alexander, 1929). In the 
catalytic conversion of sulphur dioxide to sulphur trioxide, it is far less expensive 
than platinum, and has the advantage that it is not poisoned by arsenic or 
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hydrogen chloride. Furthermore it steadily converts 97 to 99 per cent of the 
material. Nickell (1928) stated that it is likely that vanadium catalysts will 
eventually completely replace platinum in the catalytic manufacture of sulphuric 
acid. 

Although many therapeutic applications of vanadium salts have been made, 
the usefulness of vanadium in the treatment of disease is questionable. Minor 
industrial applications are to be found in dyeing, in glass manufacture and as a 
dryer in paints and varnishes. Although by far the greatest application of 
vanadium in industry is to be found in the metallurgical field, these minor appli- 
cations in the aggregate represent a sizable potential health hazard. The vana- 
dium alloy steels (Saklatwalla, 1920) being especially hard and having high 
fatigue resistance, have a wide variety of application such as in tools, in crank 
shafts for automobile and Diesel engines, in the spring leaves and rear axles of 
motor cars. The nonferrous alloys also are very hard and are resistant to atmos- 
pheric corrosion. The importance of vanadium in industry is indicated by the 
great increase in imports and consumption previous to the war. The consump- 
tion of vanadium for instance for 1937 more than trebled that of 1936 (Ridgway 
and Davis, 1938, 1941) while the world consumption more than trebled between 
1936 and 1939. ‘This increasing consumption implies the possibility of an in- 
creased industrial exposure. 

While the physiological effects of the salts of vanadium have long been known 
(Priestley, 1876; Gamgee and Larmuth, 1876; Larmuth, 1876; Dowdeswell, 
1878) interest in its toxic action has largely been confined to pharmacological 
studies (Luzzatto, 1903; Ricciardi, 1910; Jackson, 1912; Manz, 1913; Proescher, 
Seil and Stillians, 1917; Heimberger, 1929; Ballotta, 1931; Roffo, Caleagno and 
Ramirez, 1932; Franke and Moxon, 1936; Daniel and Lillie, 1938; Cavalli, 1939; 
Molland, 1940) and very little cognizance has been taken of its importance as a 
cause of occupational disease. 

It is of interest that, in spite of its pronounced toxicity, the number of cases 
of vanadium poisoning in industry has been relatively small. It is probable that 
one reason for this is to be found in the method of extraction. Since only small 
deposits have been found outside the Peruvian and South African sources, 
vanadium-poor countries have extracted vanadium from certain ores and min- 
erals, coal ashes, asphalt and petroleum residues. Most of these procedures are 
long and complicated and largely carried out in the wet way. In handling the 
Peruvian ore—vanadium sulphide or patronite—a certain amount of exposure 
occurs in milling and mixing the furnace charge. It appears to be the case both 
in this country and in Germany (Symanski, 1939) that only the workers them- 
selves seem to be aware of the effect of exposure to vanadium on health. Syman- 
ski in his review of nineteen cases of vanadium poisoning points out the acutely 
irritant effect of vanadium compounds. The characteristic effect is a chronic 
bronchitis which, with continued exposure, may result in specific infectious com- 
plications. Symanski recommends the mechanization and enclosure of all work 
processes which are dusty in nature. 

Silicosis is one of the oldest of occupational diseases and yet it has received 
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extended investigation only within the last two decades. ‘This disease, wholly 
dust-borne, arises from the inhalation of particulate matter containing free or 
uncombined silica. It is characterized anatomically by generalized fibrotic 
changes with miliary nodulation in the lungs. Clinical signs are shortness of 
breath, a lowered vital capacity, a lowered capacity for work, increased suscep- 
tibility to tuberculosis and a characteristic x-ray appearance of the lungs. 

This disabling disease is found amongst workers engaged in mining, tunnelling, 
stone cutting (granite), metal grinding, foundry and blasting and scores of 
occupations where the worker is continuously exposed to a dustry atmosphere 
containing particles of quartz or free silica. Lanza (1934) conservatively esti- 
mated the number of workers exposed to dangerous amounts of silica dust at 
500,000 in this country. A later estimate (Bloomfield et al., 1940) places the 
number at more than one million. 

The disabling nature of silicosis, the extent of exposure in industry and the 
number of workers involved have naturally motivated many investigations of 
its cause, pathology, complications and prognosis as well as its allied forms, silico- 
tuberculosis, anthracosis and asbestosis (Mavrogordato, 1918; Pancoast and 
Pendergrass, 1926; Kettle and Hilton, 1932; Gardner and Cummings, 1933; 
Miller and Sayers, 1934; Policard, 1934; Robson, Irwin and King, 1934; Giese, 
1935, 1936; McCord, Ainslee, Johnston and Fleming, 1936; Briscoe, Mathews, 
Holt and Sanderson, 1937; Gardner, 1937; Denny, Robson and Irwin, 1937, 
1939; Stoeckel, 1937; Hollmann, 1937; Weiland, 1938; Lambie, 1938; Irwin and 
Gibson, 19388; Naeslund, 1940; Baader, 1941; Zech, 1942), while a number of 
field studies of large groups of workers (Winslow and Greenburg, 1920; Collis 
and Gilchrist, 1928; Thompson, Brundage, Russell and Bloomfield, 1928; Russell, 
Britten, Thompson and Bloomfield, 1929; Fehnel, 1929; Merewether and Price, 
1930; Collis and Yule, 1933; Sayers, Meriweather, Lanza and Adams, 1933; 
Quaintance, 1934; Riddell, 1934; Dreessen and Dallavalle, 1935; Haldane et al., 
1935; Middleton, 1936; Sutherland, Meiklejohn and Price, 1937) have added 
greatly to our knowledge of this occupational hazard. 

As a result of the many surveys that have been made of workers and their 
environment with reference to silicosis, efficient protective measures in general 
have been set up in the working establishments. Dust control has been insti- 
tuted both with reference to particle size and to dust concentration. There is 
more or less general agreement that it is desirable to avoid concentrations of 
more than 5,000,000 particles per cubic foot of air in working places where the 
dust contains a high percentage of free silica (Meller, 1937). Granite dust which 
contains about 35 per cent free silica, when in concentrations of 10,000,000 to 
20,000,000 particles per cubic foot has been found not to cause disabling silicosis 
in a working life time while anthracite dust, containing less than 5 per cent free 
silica, has been found not to cause anthraco-silicosis in concentrations of less than 
50,000,000 particles per cubic foot (Meller, 1937). 

Although the matter has been so extensively investigated, the mechanism of 
action of silica in causing silicosis is still unexplained. The theory of Jones 
(1933) that the mineral sericite (a hydrated silicate of aluminum and potassium) 
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is the chief factor in the development of silicosis is no longer tenable (Gerstel, 
1938). Numerous experiments have been made with various other dusts in 
conjunction with free silica in order to find which dusts enhance the effect of 
particulate silica and which decrease it. Certain substances such as aluminum, 
iron and magnesium dusts when used with quartz, as well as coal and cement 
dusts, have been found to decrease the pulmonary changes associated with free 
silica alone. Outstanding in this respect is the work of Denny, Robson and 
Irwin (1937, 1939) who have shown that aluminum dust can bind or inhibit the 
solution of silica. The extent to which aluminum dust can be relied upon to 
delay or check the development of silicosis is difficult to evaluate at the present 
time, but it is conceded that this work represents a significant development in 
silicosis research. 

In general there is a tendency in industrial hygiene to seek out the level of 
physiological tolerance and to try to maintain working conditions at that level 
or at lower concentrations with respect to industrial poisons. The present trend 
in industrial hygiene is in the direction of prevention. To this end all-enclosed 
operations are conducted when possible. Great advances have been made in 
this direction since the last war. However, the field is somewhat limited in 
which this procedure can be applied. By their very nature many operations 
can only be carried out openly with attendant risk of exposure to gases, dusts 
and fumes. In those cases where toxic materials are thus used, it is necessary to 
protect the workers with masks of a type suitable to the hazard involved. These 
and other safety measures have very materially lessened industrial injury— 
particularly during the past decade. Much still remains to be ddéne, however, 
especially in smaller establishments where, due to ignorance or because of cost, 
employees are still subjected to unhygienic working conditions. 
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